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ABSTRACT

Measurement and analyses of the thermal response of five identical rocket
nozzles were performed. <The nozzles were fired on the Philco-Ford Ae:onutronic
Division, TMSG~EM simulator betwecn April 15, 1971 and May 4, 19%1 under Air
Force Contract T04611-69-C-0039. The simulated solid propellant, designated
ANB-2066, contained approximately 16 percent aluminum. The five nozzles were
exposed to various multiple pulse duty cycles with individval pulse times rang-
ing from 10 to 20 seconds. Nominal chamber pressure for each pulse was 750 psia.
Each nozzle was instrumented with thermocoupled plugs at two locations in the
exit cone and with two spring loaded thermocouple probes at the backwall of the
graphite throat package parts.

Post-test measurements of surface recession, char penetration, density
vergsus depth, and in-depth crystallization were made. Predictions of the ther-
mal and ablative responses of the throat package and the exit cone material at
an area ratio of approximately 4.0 were performed fox each nozzle and pulse.
Agreement between throat package backwall temperaturc response data and the pre-
dicted 2-D response was excellent. One-dimensional conduction solutions at the
throat plane were less accurate, although surface temperature and recession
predictions agreed favorably with the 2-D conduction results. Recession of the
PG coated throat surface was underpredicted using the kineticaily controlled
surface response model developed under Air Force Contract FO¢611-69-C-0031. The
probable reason for the underprediction is the inability to accurateLry evaluate
the severe heating at the boundary layer reattachment point o» the throat insert,

Temperature response predictions for the FM S055A cairbon cloth phenelic
exit cone thermocoupled plug locatior agreed favorably with data, al®hough ccn-
duction along the char layer during nozzle cooldowns was not modeled. Carbep
phenolic recession corparisons wer: confounded by char swell rhenomenon. Agree~
ment was obtained bv utilizing a physically reasonablc semi-empirical char swell
correction relatic Density profile predictions were also in agreement witl
X xay transmission measurements and shave and weigh measurements. X-ray dif-
fraction measurements indicated the anticipated incrcase graphite crystalliza-
tion with charring, independent of the type of duty cycle.

The general conclusion of these studies is that current thermal analy-
sis techniques are suitable for the evaluation of multiple pulse duty cycle
ablativs response phenomena, and that no extraordinary material response phe~
nomena occur during multiple pulse nozzle expos-sag.
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SECTION 1
INTRODUCTION

The Solid Rocket Division of AFRPL recently conducted an in-house program
to provide design information for multiple pulse duty cycle nozzles in solid
rocket motor applications. During the course of this program, five instrumented
A nozzles were fabricated and tested. The material components for these nozzles
included a MXC 313 carbon phenolic throat entrance section, a pyrolytic graphite
coated nozzle throat, an ATJ graphite throat exit section, and a FM 5055A
carbon cloth phenolic exit cone. The nozzles were tested in the Aeronutronic
Simulatgr by Philco-Ford under Contract F04611~69-C-0039. 1In this simulator,

a propellant slurry containing apwroximately 16 percent aluminum was used to

i simulate the flame temperature and combustion products of ANB-3066 solid propel-

3 lant. The test variables included in the multiple pulse duty cycles were the
number of pulses which varied from two to four, the length of each pulse which
varied from 10 to 20 saconds, and the type of restart which included both hot

and cold. The ncminal chamber pressure for each pulse was approximately 750 psia.

After completing the test firings, the nozzles and reducad test data

were delivered to Aercotherm for post~test analysis under Contract F04611-70-C~0019.
This anlysis included

e surface recession and char regression measurements

° in-depth density profile measurcments for the carbon cloth phenoli:
in the exit cone at an area ratio of approximately 4.0

° in-depth crystallographic measurements for the carbon cloth phenolic
in the exit cone at an area ratio of cpproximately 4.0

LL i e o

® prediction of transient in-depth temperatures in the nozzle throat
insert, a comparison of predicted and measured temperatures at the
backside of the AGSR substrate and the ATJ exit section and a comparison
E of predicted and measured nozzle throat recessions

® comparison of predicted and measured in-depth transient temperature

L

distributions, of measured and predicted char regressions, and of

measured and predicted surface reccessions for the carbon cloth phenolic
located in the exit cone at an area ratic »nf approximately 4.0

The objectives of this extensive post-test analysis were to characterize
the degradation of the charring ablating exit cone material when subjected to
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multiple pulse duty cycles, to obtain material thermal performance data which
can be effectively used by the nozzle designer, and to correlate the material
thermal performance data using conventional analytical techniques. The analyti-
cal techniques used in correlating the data were those included in the following
computer programs:

ikl

i

e Aerotherm Chemical Equilibrium (ACE) Computer Progran

® Aerotherm Real Gas Energy Integral Boundary (ARGEIBL) Computer Program

® Charring Material Ablation (CMA) Computer Program

® Axisymmetric Transient Heating and Material Ablation (ASTHMA)
Computer Program

These analytical techniques were chosen

TIRTIT

e Dbecause they have been used extensively for the thermal analysis of
rocket nozzles and reentry nose cones

T

® because they have been validated for charring ablating and carbon/
carbon composite materials for chamber pressures which range from
200 psia to 3000 psia (References 1-5)

® Dbecause they are currently being validated for pyrolytic graphites
under Air Force Contract F04611-69-C-0081

) because they are or shortly will become available to the rocket
motor community

The nozzle configuration used in the multiple pulse duty cycle tests,
the test facility configuration, and a summary of the test results including
chamber pressure and temperature histories are presented in Section 2.0. A
description of the measured material performance which includes the surface
recession, char regression, in-depth density profiles, and x-ray diffraction
1 measurements are presented in Section 3. A description of the analytical
i tochniques together with a comparison of mcasured and predicted material thermal

performance is presented in Section 4. Finally, conclusions and recommendations
are made in Section 5.
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SECTION 2
MULTIPLE PULSE DUTY ROCKET MOTOR TESTS

The five instrumented nozzles which were tested in the Aeronutronic
Solid Rocket Motor Simulator are described in Section 2.1, and the simula’ -~
test facility is described in Section 2.2. The propellant slurry used to simu-
late the 30l1id rocket motor propellant is defined in Section 2.3. The duty
cycles including the chamber pressure histuries for each test are presented in
Section 2.4, The thermocouple data from the spring loaded thermocouples behind
the nozzle insert and from the plugs in the nozzle exit cone are2 presented
in Section 2.5.

2.1 NOZZLE

The five nozzles used for the multiple pulse duty cycle and the geometry
and materials of each nozzle were identical. A schematic drawing including
the average nozzle dimensions is shown in Figure 2-1, and the detailed pre-test
quality control records for each nozzle are summarized in Table 2-~1. As shown
; in Figure 2-1, the throat entrance consisted of MXC 313 carbon phenolic which
overlaps the pyrolytic graphite (PG) coating at the entrance to the nozzle throat.
The PG coating which has a nominal thickness of 0.049 mils is supported by an
AGSR graphite substrate, and the throat insert is irsulated from the steel
shell by the 150 RPD asbestos phenelic. The throat extensior <ongists of ATJ
graphite backed ky GA carbon. The taper on the backside of the ATJ graphite to-
gether with a corresponding taper on the backside of the GA carbon provided the
axial structural support for the PG coating throat insert. The exit cone is com-
posed of FM 5055A carbon cloth phenolic wrapped parallel to the nozzle centerlino.

WY,

PR

The thermal instrumentation for each nozzle consisted of two spring loaded
Chromel/Alumel thermocouples and two thermozoupled plugs. The pre-test quality
control records shaowed that all of the thermocoupled plugs had identical dimensions
and that the locations c¢f the thermocouples were identical for all of the glugs.
The dimensions of the plug and the location of the thiee in-depth thermcccuples
are shown in Figure 2-2. As shown by this figure, the thermocouple nearest the
surface is tungsten 5 percent rhenium/tungsten 26 percent rhenium with the other
two being Chromel/Alumel.

s aEiemest TP T

TR A it 23 Cakarly TSI Y - - —
o T o3 " T o) - T <4 o~
r YO e ~ =Ty - i s Y o i . et e vama ..&.“.._...,1

A




MXC 913
PHENOLL
CARBON

~
-

»
SUBSTRATE //r- PYROLYTIC GRAPHITE
ATJ GRAPHITE

USP FM 5055A
PIENOLIC CAR3ON

—

150 RPD
PHENOLIC
ASBESTOS

R . i
%\\\'\i

SPRING LOAFED
-T—_- I~ THERMOCOUPLES

G A CARBON

HITURE 2-1 SCHEMATIC OF RZSTART NOZZLE

LAYUP

THERMOCOUPLED
STEEL PLUGS

ANGLE 2500 pyp L —ad
.503
|
]
750
- _/
-] /’/
_w"“ —
/
1
- —
Ay
/f Y

/. "
TC 9.3

T¢ no.2 (C/0)
(C/A)

FIGUOE 2-2 STHEMATIC QRAL.G OF
THERNACH, Pt D PLUG

2-2

q
BOIA ¢ 34
N
\
P gy gy
A N AY
LTR AVE
DIM DIM
A 2.400 |
1 J.qu
T 3751
-7 L]
T 7.3507 1
F §.653
5 T 2T
Ti 72557
3 21T
|4 | 0043
L { .05

¢ w0
(THRE/W26RE)




TABLE 2~-1
PRE-TEST NOZZLE QUALITY CONTROL RECORD
= Dimensions ==
{in)

Ler Nozzle Number®*

Dim. 4 5 6 7 8 Average
A 2.396 2.402 2.802 2.40¢C 2.40) 2.400
B 3.507 3.509 3.509 3.504 3.507 3,507
c 4.754 4.740 4.755 4.754 4,755 4,751
D 5.920 5.926 5.907 5.910 5.915 5.915
E 7.336 7.350 7.336 7.3428 7.338 7.340
F 4.668 4,662 4.663 4.663 4,663 4,663
G 2,294 2.300 2.304 2.297 2.296 2,298
H 2.455 2.457 2.457 2.452 2.455 2.455
J 0.510 0.518 0.520 J3.516 0.521 0.517
X 0.050 0.049 0.046 0.04% 0.051 0.049
L 0,053 L0.0‘9 [ 0.049 0.053 0.055 0.051

‘The nozzle numbering system coincides with that used hy the
fabricator to designate the nozzles and that used by the test
facility to designate the tests.

2,2 TEST FACILITY

The tests of the five instrumented nozzles were conducted in the Aeronutronic
EME Solid Propellant Simulator which is a slurry gaseous rocket engine system.
By proper selectiun of the propellant ingredients, it can be used to duplicate
the combustion products and flame tcemperature of aluminized solid rocket prcpel-
lants. The ingredients in the simulation propellant for the multiple pulse duty
cycle firings consisted of oxygen, hydrogen, nitrogen, and a slurry mixture
of 5 micron particles of aluminum and aluminum oxide mixed with RP-1 fuel and
a small quantity of napalm. These propellant ingredients were injected into
a 9.5 inch diameter combustion chamber which was lined with a ore-inch thick
hollow cylinder of silica phenolic. Because of surface recussion during the simu-
lator operation, this liner was replaced after conducting tests fur nozzles 4, 5,
and 6. The surface recession on the new liner was approximately 0.5 inches at the

2-3
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conclusion of tests for nozzles no. 7 anu &. Attached to the simulator combustion

cihamber was a small rocket motor which was used to assist the stortup operation
of the simulator. The start sequence was as follows:

® ignition of a fuel rich mixture of oxygen and hydrogen in the start
motor (The combustion products were injected through a sonic nozzle
in*o the simulator c~mbustior chamber,)

o after approximately (.75 seconds, the oxygen and hydcogen propellant
simulation ingredients were injected into the combu i.ion chamber

e after approximately 0.25 seconds, nitrogen and the . lurry mixture
were also injected into the chamber

° after approximately 1.0 second, the start motor was shut down

During each test, bcth the ballistic and thermcchemical performance
of the simulator were monitored. The ballistic performance was determined by
pressure measurements made in the simulator combustion chamber and in the start
motor. The tnermochemical performance was monitored by measuring the flowrates
of each of the propellant ingredients which were then compared with pre-selected
values. The thermochemical performance of the simulator in terms of the flame
temperature and combustion prcducts were determined from theoretical analysis
using the pre-selected flow vates. This information is presented in the
following section.

2.3 PROPELLANT

As mentioned previously, the propellant used in the rocket motor simulator
consisted of the following ingredients: RP-1, napalm, five micron aiuminum
and aluminum oxide particles, oxygen, hydrogen and nitrogen. The chemical ‘orm-
ula and nominal relative amounts of each ingredient are shown in Table 2-2, and
the resulting chemical elemental concertrations are given in Table 2-3. The
flame temperature and the major combustion praducts for this propellant at a
chamber pressure of 700 psia are given in Table 2-4.

The propellant formulation given in Table 2-2 has an O/F ratio of 0.573

where the O/F ratio is defined as
o/F = woxxggn
(W A

slurry + whydrogen)

The flowrates and O/F ratio for each test are defined in Table 2-5. As shown by
thig table, the O/F ratio varied by only 2 percent (0.572 to 0.581).
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TABLE 2-2

SIMULATOR PROPELLANT INGREDIENTS

Relative
Ingredient Chemical Formula Amount by
Mass
Percent
RP-1/Tri-Chlora-
1l
Ethylene C1.642%2.580%0.115M0.009%12.155 30.4
Napalm 051.9532 5.13
Aluminum Al 11.31
Aluminum Oxide A1,0, . 8.24
Aly oH35.09%.0%13.0 0.74
Oxygen O2 33.50
Nitrogen Nz 8.70
Hydrogen HZ 1,90
TABLE 2-3

SIMULATOR PROPELLANT ELEMENTAL CONCENTRATIONS -

Blement | CoRcentration
Carbon 0.9047
Hydrogen 3.4605
Oxygen 2.3816
Nitrogen 0.6233
Chlorine 0.6508
Aluminum 0.5829

2-5
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TABLE 2-4

PROPERTIES AND COMBUSTION PRODUCTS
OF THE SIMULATOR PROPELL.NT

-b;operties
Flame Temperature, °R 6210
Pressure, psia 700
Ratio of Specific Heats 1.19
Conbustion Products
Species mol/100 gr
alci 0.156 x 10~
AlC1, 0.158 x 107
co 0.836 x 10°
co, 0.677 x 10~
a 0.562 x 107
HC1 0.545 x 10°
H 0.129 x 10°
Ho 0 384 x 107
H, 0.837 x 10°
1,0 0.537 x 10°
X, 0.310 x 10°
(] 0.343 x 107
A1,0, 0.275 x 10°
{condensed)
TABLE 2-%

MEASURED PROPELLANT FLOWRATES

Nozzle| Pulse Flowrates (lb/sec) ]ﬁ O/F
No. No. Slurry i Oxygen Nitxogcnl Hydrogen | Total
, ) .

4 1 11.298 | ¢.787 l 1.769 0.385 !720.239 0.580
2 11.39¢ | 6.800 ¢ 1.780 0.385 20.359 0.577
3 11.430 ¢ 6.800 | 1.769 0.385 20.364 A577

. 1)

5 1 11.300 ' 6.780 l 1.717 0.185 20.242 *© 0.589
2 11.290 :©  6.760 1.¢£12 0.391 20.253 L.579

6 1 al. 380 6.720 ' 1,780 0.385 20.265 0.572
2 11,380 6.760 | 1,780 0.1390 20.310 0.574
3 11.377 6.740 | 1.780 0.390 20.287 ' 0.572

]

7 1 11.377 6.787 | 1.782 0.385 20.329 ; 0.577
2 11.377 6.640 i.770 0.391 20,378 ¢ 0.581
3 11,3717 6.840 1.770 0.391 20.378 | o0.581

s 1 11,410 6.760 1.780 0.380 20.330 0.573
2 11.410 6.830 | 1,770 0.385 20.1395 0.579
3 11.410 6.830 ’ i.770 0.385 20.395 0.579
N 11,430 6.830 1.7 0 0.385 20.395 0.579

| l

2-6
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f Another parameter often used to characterize a solid rocket propellant
is the oxidation ratio (XSO) which is defined by

- elemental concentration of oxygen
{elemental concentration of oxygen in CO +AL203)

Xso (2-2)

Applying this formula to the simulator propellant gives an oxidation ratio of
1.34 which is typical of solid rocket propellants with ar aluminum loading of 16
percent.

2.4 CHAMBER PRESSURE HISTORIES

The chamber pressure histories for the five multiple pulse duty cycle
rocket nozzle tests are described in Table 2-6 and are shown graphically in
Figure 2-3., More exact details of the chamber pressure histories are given in
Appendix A. As shown by this figure, the number of pulses per test varied from

TABLE 2-6

DESCRIPTION OF MULTIPLE PULSE DUTY CYCLES

: Pulse Descripticn
| “Nominal
' Nominal
Nozzle . No. Of | No. :zg:agi Duration g?:ﬁiﬁie
Nunber i Pulse (scc} N (psia)
3 n :
] 4 I 1 - 20 750
! 2 cold 16 725
i : 3 hot 3 675
3 ' ‘
5 ; 2 1 - 20 : 740
i 2 cold 20 728
x !
6 , 3 1 - 15 750 ;
! 2 hot 15 730 |
! 3 hot 10 I 680 i
] 7 l 3 1 - 15 750
] | 2 hot | 15 —
' 3 not | 10 ST
H { . h
' | 3
s 4 1 - . 1 [ 750 1
, ] H '
i 2 hot ; i3 ' 740 .
; 3 hot : 11 '| 720 i
| o hot |11 I es0
' : | § i | '
| F— i 1 1 ) |
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FIGURE 2-3 CHAMBER PRESSURE HISTORIES FOR
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MULTIPLE PULSE DUTY CYCLE ROCKET
MOTOR TESTS.
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two for nozzle no. 5 to four for nozzle no. 8, the pulse duration varied from
8 to 20 seconds, and both cold and hot restarts were performed. The nominal
chamber pressure for all the pulses remained relatively constant as it varied
only from 680 to 750 psia. In addition, the total test time was approximately
40 seconds for each of the five nozzles.

A | T S oy

Lt A

2.5 MEASURED IN-DEPTH TEMPERATURES

R

As described in Section 2.1 and shown by the schematic nozzle drawing
(refer to Figure 2-1), the nozzles tested during this program had 1) two
spring loaded thermocouples measuring temperatures at the backside of the AGSR
and ATJ graphites in the nozzle throat assembly and 2) two thermocoupled plugs
in the nozzle exit cone with three thermocouples in each plug. The maximum
temperatures measured during a pulse motor burn by the spring loaded thermocouples
and by the thermocouples in the upstream plug are summarized in Table 2-7. De-

tailed transient temperature histories far all of the thermocouples are presented
in Appendix B.
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TABLE 2-7

SUMMARY OF MEASURED TEMPERATURES

Measured Temperatures at Motor Burnout
Max. Upstrecam Thermccoupled Plug
Burn Backside | Backside

5 Nozzle | Pulse | Time , of AGSR ' of ATJ ™1 | Te2 13
{ No. No. (sec) (°F) (°ry (°F) (°F) (*F)
A 4 .
& ] 1 22 900 1500 2200 400 150
3 2 i 1000 1330 3000 450 100
: 3 9 1880 1840 3260 1200 €00

5 1 22 1070 1560 2480 450 150
3 2 22 1550 1600 2400 1250 230
E 6 1 17 600 1150 2430 320 120
; 2 18 1350 1829 3170 1360 520

3 11 1830 1860 3240 1670 ; 790

7 1 17 860 1350 1580 250 i 80
< 2 17 1630 1860 2980 860 | 400
4 3 11 2090 2180 3120 1500 700
4 8 1 12 630 1230 930 150 -
< 2 12 1150 1570 2850 1350 ===
. 3 12 1620 2030 2380 650 ——-
: 4 13 2090 2300 3070 1860 -—-
v e

By comparing measured temperatures presented in Table 2-7 for similar
pulse durations and for identical restart conditions, an estimate can be made of

o
]

the accuracy of the temperature measurement. Siimilar environmental conditions
exist at the surface of the nozzle for pulse no. 1 for nozzles no. 4 and 5 and

i

¥
:
2
3
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and for pulse ne. 1 for nozzles no. 6 and 7, For nozzles no. 4 and 5, pulse

3 no. 1 has a duration of 22 seconds while for nozzles no. 6 and 7, pulse no. 1
q has a duration of 17 seconds. For the first two nozzles, the measured tempera-
3 tures are 900 and 1070°F at the backside of the AGSR and 1500°F at the backside
of the ATJ. These variations in the measured temperatures give an accuracy of

é approximately : 100°F for the spring loaded C/A thermocouples. Making a similar
L comparison for the upstream thermocoupled plug shows that essentially identical
temperatures are measured for pulse no. 1 for nozzles no. 4 and 5. However, a

g large discrepency exists in the measured temperatures for nozzles no. 6 and 7.

é This discrepancy which is approximately 850°F for TC no. 1 is probably a result

5 of an error in defining the thermocouple depth. Based on this comparison,

the accuracy of the temperature measurement is approximately + 400°F for TC no. 1.
Because of thes lower temperature gradients, the magnitude of the temperature
variation would be less at the other two thermocouple locations in the thermo-
coupled plug.
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SECTION 3
POST-TEST MEASURED MATERIAL PERFORMANCE

The post~test analyses to define the material thermal response of the
multiple pulse duty cycle nozzles included:

® measuremeni of surface recession and char regression profiles
(Section 3.1)

e measurement of in-depth material density profiles for the FM 5055A
carbon cloth phenolic at a supersonic area ratio of approximately 4.0
(Section 3.2)

e nmeasurements of in-depth crystal structure profiles for the FM 5055A
carbon cloth phenolic at a supersonic area ratio of approximately 4.0
(Section 3.3)

3.1 SURFACE RECESSION AND CHAR THICKNESS MEASUREMENTS

Surface recession and char thickness data were obtained at several loca-
tions along each of eight circumferential planes in the five multiple pulse
nozzles. The measurement planes were spaced evenly at every 45° of rotation
about the nozzle centerline with the 0 degree reference plane passing through
the thermocoupled plugs. Diameter measurements were taken by AFRPL personnel at
one circumferential location but at several nozzle axial locations to confirm
the pre-test surface geometry. 1In defining the post test surface recession,
the assumption was made that the initial internal nozzle shape was axisymmetric
and that the initial radius was half the measured diameter in all circumferential
planes., The surface recessions were determined by subtracting the post-test
measurements of surface radius from the corresponding pre-test dimension.

The post-test radii were defined using the technique described in
Reference 6. The technique consisted of chucking the entire nozzle assembly
in a machine shop lathe so that the lathe tool position indicator could be used
to define the distance from the lathe (and nozzle) centerline to the surface
point of interest (i.e. the local radius). Measurements of nozzle radius at
several discrete surface points in one planc defined the post-test surface
contours and enabled the evaluation of the local surface rccession. The uncer-
tainty in radius measurcments taken in this manner was cstimated to be % 0.002
inches. The post-test nozzle surface contours determined using this measurcment
technique are compared to pre-~test contours in Figures 3-1 through 3-5. Photo-

graphs showing typical surface characteristics are shown ir Figure 3-6.
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Pre- and post~-test radii and net surface recession at the two axial loca-
tions (nozzle throat and upstream thermocouple plug) for which analysis efforts
were performed are given in Tables 3~1 and 3-2, The throat recession data pre-
sented in Table 3-1 are plotted as a function of circumferential location in
Figure 3-7. Also included in Table 3-1 are average throat recession rate values
per pulse which have been inferred from chamber pressure versus time data.

Both the surface contours and the nozzle radius tabulations show that
for all nozzles, except nozzle number 5, the carbon cloth phenolic in the exit
cone exhibited some amount of surface growth (negative recession). To verify
that these data were not grossly in error due to inaccurate post-test radius
measurements, the recessions were evaluated by an alternate procedure. After
the nozzle radius measurements were completed, the ablative components were
separated from the steel shells and sectioned along the eight circumferential
planes. Measurements of the final exit cone material thickness at several loca-
tions in nozzles no. 5 and 8 were made, and net surface movements were computed.
The results obtained using these measurements were within 0.010 inches of those
obtained from the lathe data. Possible explanations. for the surface growth
phenomena are presented in Section 4.

o
@
[
[
[}
4
0.3
" THERXIZOUFLED PLUG Ta- nozzte 4
w 1" 0%PLANE Jo- * 5
g ¢ -6
= 7
. 0.2 8
=
2
w
w
w
b
= 0.1
(=
$2
c ..
z FG THICKNESS  J
o Ad e S
a 0 p——t— .,__._\51 > ; —_-I v gou e,
3 | ' { ' : .
k=4 ' .
44 i '
ul ! | ' !
]
-0.1 :
0 4d 90 135 180 22 279 215 360

ARAGLE FRE™ THEAMOCOUPLED PLUG PLANC, CCGREES

FIGURE 3-7 CORRCLATION OF LOCAL NOZZLE THROAT SURFACE RECESSION
¥iTH CIRCUNFERENTIAL LOCATION

3-23




TR LT TIAONT S S

T Ty R AN LR L T S E VLA o N e, e R T AR SR L TR R S

TABLE 3-1

SUMMARY OF NOZEZLE THROAT RECESSION MEASURSMENTS

b lo:oui:nroqu
t he Avera Inferred From
Nozsle Circumfersntial Plane Measurements (inches) goc Piriog jaterred Trom
Nuber oot 450 o0e | 135¢ | 190° | 225° | 270% | 318 | Mecession rlse (mils/sec)
L} ost-Teat Mdius, Inches | 1,510 | 1.255 | 1,245 | 1.240 [ 1.245 | 1.140 | 1.245 | 1,300 3 2.0
:n-'lhlt uum.'xmuu 1.147 11.147 | 1.347 | 1.347 | 1.147 1.147 | 1,142 1 1.142 3 2.1
Surface Recession (.363) | (.108) | ¢.099)] (.093) | -.002 | -.007 (.098) | (.153) ] .037 ¢ .0%0 3 3.7
1.170 11.170 | 1,470 | 3.170 | 1.15% | 1.162 | 1.170 | 1.168 1 1.9
* 1.150 | 1.150 | 1.150 1.150 1.150 | 1.150 1.350 1 1.1%0 2 0.6
.020 020 1020 .020 .005 012 .020 .012 | .016 & .010
«385 | 1.385 | 1.190 1,155 | 1.150 | 1.220 | 1.315 | 31.26% 1 1.6
¢ {.152 1.152 1,152 1.1%2 1.152 1.152 | 1.152 | 1.182 2 2.€
(.233) | (.233} | .o2¢ 003 | -.002 | (.050) | {.163)] (.113) | .035 ¢ .030 3 6.9
1,445 11.190 | 1,200 | 1.160 | 1,150 | 1.170 | 1.185 | 1.365 ) 2.3
! 1.143 [ 3.243 ! 1,363 | 1.143 | 1.143 | 1,243 | 1.243 | 1.143 2 2.}
(.302) | .047 | (uOST) | .017 .007 .027 .042 | (.222) ]| .036 ¢ .00 3 1.7
s 1,440 |1.200 | 1,100 | 1.310 | 1.270 | 1.170 | 1.340 | 1.35% 1 2.3
1.148 1.148 | 1.148 1.148 11,148 | 1.148 | 1.14% | 1.148 2 2.8
(.292) | .032 ,032 | (.362) | .022 2022 ] (.192) | (.207) ] .038 & .020 3 2.3
[} 6.4
{
0 degroes is the thermocoupled plug plane.
nusber in parenthesss indicats P.G, costing burn through.
€ bum through recessions taken as 0.050 inches (P. G. thicknese) for awveraging.
TUBLE 3=2
SUMMARY OF CHAR THICKNESS AND SURFACE MEASUREMENTS
A/A* = 4.0
Nozzle Circunferential Plane Measurements (Inches)® Average
Number o® o ! ° ° o ° ° o Recussion®
[ 45 20 135 180 228 270 318
4 Char Thicknesa, inches .28 310 .305 .330 .310 .260 .30% .320 0.31 ¢ 0.04
- Post-Tent Radius, Inches| 2,355 | 2.360 | 2.340 | 2.355 | 2.342 | 2,345 | 2,352 | 2.360
A Pre-Test Radius, Inches 2.377 2,317 2.377 2.377 2.317 2,377 2,377 2.377
(0.022) 1(0.016) 1(0.637) 1(0.922) :(0.035) ;(0.032) | {0.025) {(0.017) (0.026) ¢ 0.010
H .300 .235 .290 .27% .230 .235 .230 £ 245 0.26 ¢ 0.04
2.355 1 2,390 | 2.395 | 2.430 | 2.375 ! 2,390 | 2,390 | 2.38%
2.370 2.370 2.370 2.370 2.370 2,370 2.370 2.370

(0.015)!(0.020) (0.025) 1(0.040) [(0.005) [(0.020) | (0.02¢) [(0.015) | 0.016 ¢ 0.025

] 430 | .355 | .45 ! 290 | 395 | .3s0 | 325 | 370 [ 0.37 2 0.08

2.370 12,375 | 2.380 ° 2,375 | 2,352 ; 2.385 | 2.405 ! 2,375
- 2.3717 2,377 [ 2.397 2,477 | 2,377 | 2.377 | 2.577 ; 2.377

10.007) i10.002) 10.003) ’(0.002) (0.025) 1(0.008) | (0.028) [¢0.002) | 0.0 ¢ 0.025

7 +370 +350 .300 +330 «315 .37 +335 .360 0.34 ¢ 0.04

2 2,370 [ 2,335 | 2.335 12,337 1 2,345 1 2,350 { 2.335 | 2,345
3 2.377 1 2.377 § 2.377 2.231 0 2,377 | 2.377 | 2.377 | 2.3717

(0.007)'(0.042) £0.042) l{o,c40) }40.032) }(0.021) (0.042) {(0.032) (.032) 2 0.010

!
8 .355 -365 L350 ¢ L4320 420 +395 .430 +430 0.40 ¢ 0.04

2,365 | 2,350 | 2.345 12.350 ] 2.345 | 2.365 | 2.335 ! 2,300
2.377 1 2,377 | 2.377 | 2.377 | .37 1 £.373 1 2,377 | 2.377

(0.012) {10.027; 1(0.032) [{0.027) |10.032) |{0.012) |(0.032) [(0.003) (0.021) ¢ 0.010

. C degrees is tha thermocoupled piug plane.
i Numbcrs in parentheses indicate a net surface growth (Negsative Recession)
[

Estinated char thickness uncertainties Lased on 1) rardom measurercnt mrrors, & .020 inchcs, and
2) response ssyrcctries; recession (or growth) uncertainties are due to rosponse asynmetries.
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Char thickness measurements were taken from the sectioned pieces of the
ablative exit cone with the char thickness defined as the distance from the in-
ternal surtace to the midpoint of the char/virgin materjal interface. Uncertainty
in this measurement is due primarily to the difficulty in visually picking out
the interface since both the virgin material and the char are black. The uncer-
tainty in these data points is estimated to be + 0.020 inches. Sufficient char
thickness measurements were acquired to define a char line contour for each cirx-
cumferential plane of the five nozzles. These contours are shown along with pre-~
and post-test surface contours in Fiqures 3-1 through 3~5; in addition, the thick~
ness measurements at the A/A* = 4.2 prediction location are given in Table 3-1,

3.2 IN-DEPTH DENSITY PROFILE MEASUREMENTS

The in-depth material density profiles were measured for the FM 5055A
carbon cloth phenolic at a supersonic area ratio of 4.2. This area ratio cor-
responds to the location of the upstream thermocoupled plug. The two techniques
used for measuring tne density profiles were the shave and weigh technique and
the x-ray transmission technique. For the shave and weigh determination of
density profiles, two samples were machined from the exit cone material of each
nozzle. Samples were taken from the 0 and 180 degree circumferential locations
at the area ratio of 4.2. Each sample was 0.5 inches square in the plane cor-
responding to the exposed surface and extended approximately 0.75 inches in the
direction normal to the surface (i.e. to the steel shell). Density as a func-
tion of depth was evaluated by a differencing technique. Overall material den-
sity was accurately obtained from dimension and weight measurements. Then, ap-
proximately 25 mils of the sample was removed starting from the fully charred,
0.5 inch square end; and the sample was re-measured. The change in weight and
volume defined the density of the removed material. This process was repeated
until the sample was consumed. The density profiles resulting from these
measurements are represented by the symbols in Figure 3-8. The curve shown on
each of these figures is the analytical prediction, and it, as well as the com-
parison between the measured and predicted profiles, is discussed in Secticn
4.3.3.

The second method used to define the density profile was the x-ray trans-
mission technique. The experimental portion of this technique is performed by
directing a narrow x-ray beam of xnown intensity normal to one surface of the
material sample and detecting the intensity of the beam which is transmitted
through the material and out the opposite surface. The configuration of this
apparatus is shown schematically in Figure 3-9. The X-ray source generates a
1l mm wide beam of ka radiation which is passed through a kB nickel filter and
then through a collimator which directs it at the sample being tested. The
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portion of the beam which passes through the sample is measured by the detector
and recorded on a strip chart recorder. The sample was positioned in the x-ray
beam at discrete 1 mm steps. The procedure for making the measurement was to

5 1) locate the sample, 2) turn on the strip chart recorder which had a speed

Z of 1/2 inch/minute, 3) turn on the x~ray source, 4) record data for 2 minutes.
t The x-ray source and recorder were then stopped and the sample was repositioned.
i

S Measurements were taken at 1 mm intervals which also corresponded to the diameter
E of the x-ray source.

; The material sample was taken from nozzle number 8 at the location shown

3 in Figure 3-10. The nominal dimensions of the sample are also shown.

3

§ X-RAY '

e TRANSMISSION

: SAMPLE

3 4,75" DIAMETER

180°¢

(R R b Ak Mok Rl i e A

FIGURE 3-10 LOCATION FOR X-RAY TRANSMISSION SAMPLE (NOZZLE NO. 8)

T By R Ly

The relative transmission measurements of the x~ray beam through this sample

are shown in Figure 3-1l1 for the various discrete locations. The abscissa on this
figure is distance from the surface which corresponds to the center of the x-ray
source; thus, at a distance corresponding to zero, half of the beam is passing
through air and half through the sample. The data shown in Figure 3-11 were
reduced to material density using the following equation:

]
L= ex (}-‘;) pr (3-1)
[o]

where
I - the transmitted x-ray intensity
i, - the x-ray incident beam intensity
% - the mass absorption coefficient
I} - local material density

x
]

the thickness of the absorbing material
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A mass absorption coefficient of 1.15 cm?/gr was evaluated based on the transmis-
sion intensity through the virgin material., The virgin material density used

for this evaluation was 1,37 gr/cm3. This value was obtained from a small sample
of virgin material which was taken from tne nozzle in the vicinity of the x-ray
sample. The mass absorption coefficient for the virgin material carbon cloth
phenolic compares favorably with the value (1.18 cm?/gr) obtained from a sample

of pure graphite for the x-ray transmission results presented in Reference 1.

The densities calculated using the above equation are shown in Figure 3-12
The amount of scatter in the data is a result of the porous nature of the sample
which is shown by the photograph presented in Figure 3-13. In addition, the
porosity in the char region probably explains the low value of char density deter-
mined from the x-ray measurements in the char zone.

3.3 X~-RAY DIFFRACTION MEASUREMENTS

X~-ray diffraction measurements were made for thrce samples of carbon cloth
phenolic in cach of the five nozzles. As shown in Fiqure ~- 14 t}: three samples
in each of the nozzles were one-eighth inch thick and one-half inch on a side
and were taken at an arca ratio of 4.2 and at the 180 degree circumferential
location. The three samples werec machined from the cxit cone at depths corres-
pending to the fully charred zone, the partially charred zone, and the virgin

material zone.
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X-RAY DIFFRACTION SAMPLE

FIGURE 3-14 LOCATIONS FOR X-RAY DIFFRACTION SAMPLES

The reason for making the x-ray diffraction measurements was to determine
whether any significant changes occurred in the crystal structure of the material
as a result of subjecting the material to multiple pulse duty cycles. The type
of material changes which would be expected is an increase in the graphitic carbon
content in the char. This increase in graphitic carbon can be measur=d by x-ray
diffraction pecause graphitic carbon (or graphite) has a uniformity of structure
which can be represented by the graphite crystal lattice shown in Figure 3-15.

C AXIS

A
FIGURE 3-15 LATTICE STRUCTURE OF GRAPHITE CRYSTAL

As this type of crystal structure becomes more prevaient, the x-ray diffraction
measuremen~ will begin to show a sharp peak at an incidence angle defined by
Bragg's Law

sin 0 = -2% (3-2)
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6 - angle of incidence

A - wavelength of x-ray source
d - spacing between adjacent crystal planes

For the x-ray diffraction measurzments made under this program, a copper ka
x-ray source was used which has a wavelength of 1.54 i. When this value for
lambda is used in the above equation tcgether with a vaiue of 3,355 i for the
spacing between adjacent planes of carbon atoms in the graphite crystal lattice,
the angle of x-ray incidence which gives the maximum strength of the diffracted
x-ray beam is 13.3 degrees.

The results from the x-ray diffraction measurements for the nozzle material
samples are shown in Figure 3-16. The ordinate for each of these figures repre-
sents on a relative basis the strength of the diffracted x-ray beam. The abscissa
represents the angle 26 (two times the incidence angle defined in Equation (3-2)).
The samples for nozzle no. 8 (Figure 3-16e) were tested first. The incident
angle of the x-ray beam was varied from 45 (or 26 = 90°) to 5 degrees to determine
the range of interest for this angle. As shown by this figure, the x-ray
diffraction measurements were of primary interest for 20 angles between 10 and
40°, and, therefore, sample sets for the other nozzles were only tested over this
range. For all of the sample sets, the x-ray diffraction measurements for the
virgin material sample gave a low magnitude increase over a broad angle spectrum
from between 10 and 30 degrees. For the partially cnarred samples, very Jlittle
change, except for nozzle no. 5, was noted between the virgin and partially
charred x-ray diffraction measurements, However, €for the fully charred sample,
the intensity of the diffracted beam increased for 26 angles between 22 and 28
degrees with the peak occurring at a 26 incident angle of approximately 26 degrees.
These changes in the x-ray diffraction measurements for the fully charred samples
indicate that crystallization and ordering of the (00.2) layer plane of the
hexagonal graphite crystal has taken place. The most pronounced peaks occurred
for samples from nozzles No. 4 and 6 (Figures 3-16a and 3-16c).

Since the amount of graphitic carbon content is a function of the maximum
temperature and of the time at this temperature, the trends shown by the x-ray
diffraction measurements for nozzles no. 4 and 6 were compared with the predicted
surface temperatures and with the temperatures measured by 7C no. 1. This compari-
son showed that
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3 e the maximum temperatures recorded by TC no. 1 were for nozzles
< no. 4 and 6 (Table 2-7) which is consistant with the x-ray diffraction
measurements

® the mazimum predicted surface temperatures and the duration at
this temperature are not significantly different for the five duty
cycles (Figures 4-25 through 4-29) which is inconsistant with the x-ray
diffraction measurements

TR LT

3 Because the magnitude of the measured temperatures in the thermocoupled plug is
F a strong function of the thermocouple depth and because small variations in this
3 depth would result in significant changes in the measured temperature, the
apparent correlation between the x-ray diffraction and the thermocouple measure-
ments should be viewed with caution. This is particularly true because of the
discrepancies in the measured temperatures noted in Section 2.5 and because

the predicted temperatures do not substantiate this same correlation.
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SECTION 4
EVALUATION OF MATERIAL PERFORMANCE DATA

The simulator firings of the five nozzles provide information for the
design of multiple pulse duty cycle rocket motors. In this section, the multiple
pulse firing data are used to verify the adequacy of current analysis procedures.
Once substantiated, these analysis tools should facilitate a more efficient design
design process by minimizing the amount of experimentation required. Also in

this section the material response predictions are used to identify the relative
signifiéance of observed trends in the firing data. Any material response
characteristie¢s peculiar tc multiple pulse duty cycles would be exposed by the
correlation effort. Results of response analyses are compared to material per-
formance data for each of the five multiple pulse nozzles.

The methods utilized to perform these analyses are summarized in Section
4.1. The important boundary layer, surface thermochemistry, and material prop-
erty information which are needed for thc material response calculations are
described in Section 4.2. Results of the response analyses are compared to the
test data in Section 4.3.

4.1 SUMMARY OF ANALYSIS METHODS

The analysis of mate.rial response to rocket nozzle environment encompasses
both the determination of surface recession due to chemical corrosion and mechan-
ical erosion and the evaluation of in-depth heat conduction and material decom-
position. The events occurring at and below the surface of a charring ablator
which is being exposed to a solid propellant rocket environment are characterized
in Figure 4-1., Except for the material decomposition and pyrolysis gas flow, the
figure applies equally to noncharring materials such as pyrolytic graphite. A
set of comprehensive computerized analysis tools have been developed to define
the thermochemical performance of these types of materials. These computer codes
are used to evaluate thermal ablation phenomena, and they have been designed to
be applicable for arbitrary material and propellant compositions and for any gen-
eral environmental duty cycle specification.
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FIGURE 4-1 CHARACTERIZATION OF THE SOLID PROPELLANT ROCKET ENVIRONMENT
ANG THE RESPONSE OF A CHARRING ABLATOR

The ablation analysis computer codes utilized for the multiple pulse
nozzle calculations are as follows:

e Aerotherm Chemical Egquilibrium (ACE) Program*
e Aerotherm Real Gas Energy Integral Boundary Layer (ARGEIBL) Program
e Charring Material Ablation (CMA) Program

® Axi-Symmetric Transient Heating and Material Ablation (ASTHMA)
Program

The first program computes the thermochemical state of any set of chemical ele-
mental quantities. For ablative rocket nozzle considerations, the code assists

P
The ACE program combines all the features of the Equilibrium Surface Thermo-
chemistry, Version 3 (EST3) code (currently available to the rocket technology
community) and the graphite response code developed under Contract F04611-69-C-
0081 to account for surface kinetics.




in the computations of nozzle expansion properties, gas phase transport and
thermodynamic state properties, pyrolysis gas enthalpy-temperature relation-
ships, and thermochemical behavior of a surface material in contact with the
hyperthermal boundary layer flow. The surface removal mechanisms considered
by the code are chemical corrosion, surface vaporization, and liquid layer re-
moval.

The ARGEIBL program calculates bulk film transfer coefficients for non-
ablating laminar and/or turbulent boundary layers of axisymmetric or flat plate
geometries using an energy integral method. The solution procedure allows any
real gas chemical system because it accepts generalized thermodynamic property
information which are obtained from ACE code computations. Variations in axial
surface temperature and free stream properties are accounted for in the integral
procedure. The convective heat transfer coefficient distributions computed us-
ing the ARGEIBL technique have been confirmed by solutions generated with the
more sophisticated Boundary Layer Integral Matrix Procedu:ro (BLIMP) computer
code (Ref. 5j.

Both the ACE and ARGEIBL codes are utilized to provide information nceded
by the CMA or the ASTHMA material response codes. The CMA code computes the
transient thermal response of a material which is receding due to chemical or
mechanical surface removal and which is decomposing in depth via specified rate
controlled phase change reactions, Heat conduction is modeled along a one-
dimensional nodal column of arbitrarily varying cross-sectional area and iz im-
plicitly tied to ablating or nonablating surface boundary conditions. The ASTHMA
code is used to evaluate the transient response of nondecomposing materials such
as graphite within which two-dimensional heat conduction effects are important.
The same generalized surface boundary condition options used by CMA are avail-
able in ASTHHMA.

The major features of the four computer codes are described further in
Table 4-1 and the procedure for using these codes to perform an ablation and
thermal response analysis is diagrammed in Figure 4-2. The sequence of events
in the analysis procedure is also outlined in Table 4-2. The major result of
each analysis step in the procedure is defined along with how this result is
used to obtain the desired analysis predictions. The analysis starts by defin-
ing the boundary layer edge properties from the flow field and ACE expansion
analyses and concludes with the definition of the thermal performance parameters,
namely, char depth, surface recession, and in~depth temperaturc distributicns.
Additional details of the computcrized analysis techniques utilized in the pro-
gram are included in Appendix C,




TABLE 4-1
SUMMARY OF MAJOR FEATURES OF COMPUTER PROGRAMS

Corputer
Program Major Peatures Typical Use

¥
1
]
[ ACE 1. Calculation of thermodynamic state for | Nozzle equilibrium isentropic
: isentropic or iscenthalpic process for | expansion.

i a closed system including condensed
phases.

i 2. Calculation of transport properties Evaluation of transport coeffi-
(viscosity, thermal conductivity, and cients for use in boundary

i mass diffusion coefficients), layer analysis.

! 3. Calculation of surface state of any Generate Mollier charts for
material exposed to an environment con- any gas system.
sidering all possible chemical reac~
tions between the material and the
environment. Surface reactions may be
kinetically controlled. Mechanical
removal of surface melt layer may also
be considered. '

4, Considers unequal diffusion coeffi- Generation of thermochemical
clients. Aata for use with CMA and
ASTHMA computer programs.

CMA 1. Caiculation of transient thermal re- Thermal analysis of ablative
sponse of a composite slab or cylinder materials in liquid and solid
containing up to five in-depth charring rocket motors.

(or noncharring) materials. '

t 2. Calculation of surface recession rate Thermal analysis of reentry
resulting from diffusion or kinetically ] nose tips.

controlled surface chemical reactions

and/or mechanical melt removal. l

3. Considers variable thermal properties
with a flexible physical model of
thermal conductivity which permits the
treatment of partially charred values
less than the virgin material value.

4. d(onsiders in-depth and surface thermo-
chemical effects of the pyrolysis gases
being generated by both the surface and
backupg materjals.

ASTHMA 1., Calculation of transient thermal re- Thermal analysis of heat sink
sponse of a two-dimensional body. materials in liquid and solid
rocket motors and reantry .
nose tips.

2. Considers surface recession.

3. General thermochemical surface bound~
ary conditions.

4, Considers anisotropic temperature
dependent thermal properties.

APGEIBL 1. Calculation of laminar or turbulent Transfcr coefficient analyeis
convective heat transfer coefficients of solid and liquid rocket
for nonablating wall, motors.

2, Considers any real gas system and axial
variations in wall temperature and
irce stream properties.

3, Solves the energy integral equation. 1

BLIMP 1. Calculation of laminar orx turbulent Transfer coefficient analysis
convective heat transfer coefficients of solid and liquid rocket
for ablating or nonablating wall. motors and reentry nose conhes.

2. Ccnsiders any resl gas system and axial
variations i{n wall temperature, frce
stream properties, and surface recas-
sion.

3. Considers chemical and thermal diffu-’
sion in the boundary layer.

4. Solves nonsimilar laminar and turbulent
boundary layer equations.
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TABLE 4-2

TYPICAL PROCEDURE FOR ANALYZING ROCKET MOTOR NOZZLES

as functions of time

Applicable
Computer
Sequence Purpose Program Result Use of Results
1l Flow field - Boundary layer edge Conbined with results
pass flow rate/unit from Item 2 to define
area as a function of |boundary layer edge
distance properties as a func-
tion of distance
2 Equilibrium nozzle ACE Boundary layer edge Combined with results
expansion analysis properties as a func- |[from Item 1 as mentioned
tion of mass flow above. Information from
rate/unit area Items 1 -and 2 are input
into ARGEIBL
3 Define Mollier dia- ACE Thermodynamic and Input to ARGEIBL and
gram and transport transport property CMA or ASTHMA computer
properties for real maps programs
gas system
Define convective ARGEIBL Convective heat trans-|Input to CMA or ASTHMA
heat transfer or fer coefficient as a |computer program
coefficient BLIMP function of distance
for desired wall tem-
perature.
Define radiative - Radiative flux as a Input to CMA or ASTHMA
heat €lux function of diatance Lcomputer program
Generation of sur- ACE Frozen edge enthalpy |[Input to CMA oxr ASTHMA
face and in-depth as a function of tem- |[computer program. Note
thermochemical perature, surface en- jthat the data require-~
data thalpy as a function |[ments resulting from in-
of surface tenperaturedepth charring are not
and nondimensionalized|appropriate to ASTHMA
pyrolysis gas and char
removal rates includimg
the effect of mechan-
-ical melt removal if
applicable, and pyrol-
ysis gas enthalpy as a
function of tempera-~
ture
Thermal response CMA In~-depth temperature |[Define insulation thick-
predictions or distribiution and sur~ |ness requirements, re-
ASTHMA face recession rates |(fine ballistic predic~

tions, and used as input
to structural analysis

ki,
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ACE CODE

EQUILIBRIUM

PROPELUANT BALLISTIC INTERNAL FLOW OR KINETIC FLOW
FORMULATION [~*>—1 DATA 4+ GEOMETRICAL NOZZLE FIELD
PROFILE EXPANSTON ANALYSTS

SELECTION OF
‘WALL AND BACKUP
MATERIALS

ACE CODE ARGEIEL CODE ACE CODE

MOLLIER
DIAGRAM AND

CHEMICAL PROPERTY
DATA FOR VIRGIN

CONVECTIVE SURFACE AND

TRANSPORT -T HEAT TRANSFER \Yo-r—o— ZND CHAR IN-DEPTH
PROPERTIES FOR COEFFICIENT MATERIAL THERMOCHEMICAL
EAL GAS SYSTEM BATA

e

RADIATIVE 1
HEAT FLUX

THERMAL PROPERTY THERMAL AND or
DATA FOR VIRGIN ASLATION \ CHA

AND CHAR RESPONSE
PREDICTIONS CooE

MATERIAL
FIGURE 4-2Z FLOW CHART FOR AEROTHERMODYNAMIC ANALYSIS

Those quantities which must be specified to perform the thermal analysis
using the procedures described above are as follows:

e Propellant (or simulator) elemental composition

e Either propellant initial composition or theoretical flame temperature
temperature

e Combustion chamber operating conditions (e.g., pressure)
e Combustion rroduct radiation properties

) Surface material elemental chemical compositions and constituent
makeup, if applicable

e Material virgin and char densities

® Material thermophysical properties

Specific heat
Thermal conductivity
Surface emissivity
Heat of formation
Decomposition kinetic constants for
constituents, if applicable

Virgin and Char

4-6
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Simulator operating conditions and combustion product compositions have been
presented for the five multiple pulse dury cycles in Section 3. Material depen-

dent propeities including surface t.ermochemical response data are given along
with the computed surface boundary conditions in Section 4.2,

4.2 INTERMEDIATE ANALYSIS RESULTS AND MATERIAL PROPERTIES

Analysis of material thermal response in hyperthermal combustion product
environments requires the evaluation of convective and radiative boundary condi-
tion information and the specification of material thermophysical properties.
The results of studies performed to cbtain these guantities are reviewed in
this section.

The analysis of the nozzle flow, boundary layer transport, and radiative
energy interchange phenomena are covered in Section 4.2.1, 7%These calculations
define the non-blowinc (i.e., non-ablating) surface time dependent heating
conditicn for the five duty cycles. The ablating surface thermochemical response
calculations for hoth the graphitic throat package and the exit cone material
at A/A* = 4,2 are described in Section 4.2.2, Material thermophysical properties
are given in Section 4.2.3.

4.2.1 Time Dependent Non-Blowing Surface Boundary Conditions

The time dependent non-blowing surface boundary condition specifications
may be conveniently divided into the following categories:

® Convective heating during simulator firings
. Radiative heating Auring simulator firings
® Exposed surface boundary conditions during cooldowns

These categories are discussed in Sections 4.2.1.1, 4.2.1.2, and 4.2.1.3,
respectively.

4,2.1.1 Convective Heating During Firings

The evaluation of the turbulent convective, non-blowing heating during
firing pulses was done utilizing the Aerotherm Real Gas Energy Integral Boundary
Layer (ARGEIBL) computer code. The uncertainty in heat transfer coefficient
using this or any other turbulent boundary layer prediction procedure has been
estimated to be on the order of + 25 percent (e.g., Reference 7).

The ARGEIBL procedure requires the specification of boundary layer edge
properties as a function of streamwise boundary layer length., These quantities
were obtained from real gas, two-phase flow isentropic nozzle expansion solutions
which were computed using the Aerotherm Chemical Equilibrium (ACE) computer code.

4-7
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The expansion solutions were generated for the nominal simulator propellant
composition given in Section 2.
at 700 psia chamber pressure (T = 6210°R), and one corresponded to 97 percent
combustion efflclency at 700 psia (T = 5830°R). The 97 percent combustion effi-
ciency was simulated by doing equlllbrlum solutions at a lower total temperature.
A comparison of the boundary layer edge static temperature ratios for the two
combustion efficiencies is given in Figure 4-3.

One solution corresponded to ideal combustion

As the figure indicates, the
effect of the non-ideal combustion on the expansion characteristics is noticeable.
The difference between the two temperature ratio curves is due to the greater
condensed alumina formation at the lower temperature. The lower total temperature
also means that the alumina solidifies earlier in the expansion. Although Figure
4-3 indicates that the effect of incomplete simulator fluid combustion should

be accounted for, errsors in the expansion properties attributable tc instantane-
ous fluctuations in combustion efficiency or, equivalently, in combustion product
composition are small relat.ve to the 25 percent uncertainty in the overall
boundary layer analysis results.
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FIGURE S-3 JSENTROPIC EXPANSIO' TEMPERATURE RATIOS FOR IDEAL AND
ACTUAL PROPELLANT COMBUSTION EFFICIENCIES

*as used here, the combustion efficiency is defined as the ratio of the actual

to the ideal characteristic exhaust velocity which varies approximately as
the chamber temperature to the one-half power.
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The 97 percent efficiency solution was felt to best characterize the
simulator combustion product flow and was used to define boundary layer edge
properties for the ARGEIBL convective heating distribution computation. These
properties are shown as a function of non-dimensional mass flux in Figure 4-4.
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FIGURE 4-4 FREE STREAM ISENTROPIC EXPANSION PROPERTIES A
COMPUTED FOR 97 CERCENT COMBUSTION EFFICI ENCY
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The enthalpy values correspond toc the gaseous component of the two phase flow.

As discussed in Section 4.1, the relationship between the expansion results and
the streamwise boundary layer length coordinate is defined by a nozzle flow field
analysis. For the multiple pulse rocket nozzle analysis, the flow was assumed

to be one~dimensional. Thus the ratio of local edge mass flux to throat flux

is dir«ctly related to local area ratio by mass conservation, i.e.,

[Ees

Pelle

— = A*/A = inverse of area ratio
pu*

AT W B e g

where ..*/A 1is defined as a function of streamwise length from the nozzle geometry.
The radius and inverse area ratio for the nominal nozzle geometry shown in

Figure 2-1 are shown as a function of boundary layer length in Figure 4-5. An
assumption about the flow over the lip of the throat entrance cap was required

4-9
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to define edge conditions in the throat region. A separation-recirculation region
aft of the throat entrance ring was expected but was difficult to guantify. For
simplicity, the separation streamline shown in Figure 4-5 was assumed. Based on

this assumption, streamwise variations of pressure, velocity, and edge gas enthalpy
were obtained from Figures 4-4 and 4-5.

The other information needed to perform an ARGEIBL prediction are
1) Mollier-type thermodynamic property tables including Prantl number and
2) specification of the streamwise variation of gas phase enthalpy at the surface
temperature. As explained in Section 4.1, the Mollier tables are generated by
parametric ACE code thermodynamic state solutions. Surface temperature variation
is estimated based on the anticipated material ablative response,

For the multiple pulse nozzle analysis, ARGEIBL predictions were performed
for the anticipated surface temperature (5000°R isothermal surface) and for a
cold (900°R) surface to assess the sensitivity of the heat transfer coefficient
for a wide range in surface temperature. The two transfer coefficient distribu-
tions are shown in Figure 4-6. Based upon the nozzle throat values of the con-
vective heat transfer coefficient, the two solutions indicate that the coefficient
varies as temperature to the -0.22 power. This means that a 20 percent error

in estimating surface temperature (1000°R) amounts to only a 4 percent error in
heat transfer coefficient.
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To this point, the convective heating evaluation was performed for the
nominal rocket simulator operating conditions (propellant composition from
Table 2-3 and a combustion chamber pressure of 700 psia). Turbulent heating
considerations (Reference 8) indicate that in a rocket nozzle, the heat transfer
coefficient varies as the 0.8 power of chamber pressure. To account for pressure
changes during the various firing pulses, the following relationship was used:

0.8
o)
peueCH = (K) (700) peuec

. H
) ARGEIRL (4-1)
where
1 pcuecu - non-blowing convective heat transfer coefficient appli-
° cable to a recovery enthalpy driving potential
Po - instantaneous measured chamber pressvre in psia units
(sec Section 2 and Appendix A)
gé p.ucC - pradicted ARGEIB., heat transfer coefficient at the
: e e HppgEIBL . .
3 nozzle location of interest
4 K - correlation factor (evaluated in Reference 9 as 0.75)

The variation of heat transfer coefficient with time, plus the applicable local
1 recovery enthalpy, defines the convective, time dependent boundary condition dur-
’ ing the firing pulses.
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In applying the convective heating boundary condition as a function of
time to the PG coated nozzle throat, consideration had to be given to the protec-
tion of the upstream section of the coating by the overlapping portion of the
MXC 313 carbon phenolic. This protection of the PG coating was taken into account
by assuming 2zero convective heating to that portion of the coating which was
covered by the MXC 313 carbon phenolic until such time as the phenolic carbon
had recessed and exposed the coating. 1In addition, convective heating in the
separation region, which is shown in Figure 4-5 for the initial configuration,
was assumed to be negligible. As the MXC 313 carbon phenolic recedes, the axial
length of this separation region decreases.

4.2.1.2 Radiation Heating During Simulator Firings

In both the CMA and the ASTHMA codes, the surface energy halance takes
the following form:

9conv * 9chem prod * 9rad in ~ 9rad out ~ Ycond © 0 (4-2)

These flux terms account for the energy transport phenomena shown in Figure 4-1,
This section is concerned with the two radiation terms. The radiant f£lux absorbed
.by the surface (qrad in) is defined as the incident radiation multiplied by the
absorptance of the wall. The radiant flux emitted by the surface (qrad out) is
defined as that amitted by a black body multiplied by an emittance factor and

by a view factor. Therefnre the net radiation to the surface (qnet rad) is
defined by
- - ] -
dnet rad = “wqinc rad Fey 0Ty (4-3)
where
OLr€y ~ absorptivity and emissivity, respectively, of wall material

(uw and €, are equal by Kirchoff's Law for a gray body)

9

Stefan~Boltzmann constant

Tw

3

wall temperature
F ~ view factor

In order to model the radiation transport between a particle laden stream
and the nozzle surface, it was assumed that the stream was optically thick and
that the particles and wall exchange radiant energy as if they were two parallel
plates. In this way multiple reflections between the wall zad stream werc taken
into account. In addition, it was assumed that both the stream and wall behave




as gray bodies and that they emit and reflect radiant energy diffusely. Based
on the above assumption, the net radiant heat flux relation is given in as:

Gnet rad = feff(Ts - oT,") (4-4)
where
. . A - 1 _
Caff (effective ~missivity) = .l.* T : (4-5)
fw  fs
eg - particle laden stream emissivity
Ts - local stream static temperature

To define the net radiation heat flux using Equation (4-4) the local
static stream temperature and the effective emissivity had to be evaluated.
The stream temperature was obtained from the isentropic ezpansion data presented
previously in Figure 4-3. At the nozzle throat and upstream thermocoupied pluy
analysis prediction locations, the stream temperatures are 5000 and 3710°F,
respectively. The effective emissivity was evaluated from Equation (4-5) using
a value of 0.9 for the wall emissivity and using the following relationship
(Reference 8) for the emissivity of the particle laden combustion products.

= - n -
Eg = 1 exp (C 1€ oE) (4-6)

where

C - experimentally determined constant (0.808 for the propellant
being considered in this analysis)

n - percentage of aluminum loading (= 15.5 for ANB 3066 simulation
propellant)

p - local density of propellant combustion species (lb/ft?)
D - 1local beam lenygth, usually taken as the diameter (in.)

At the nozzle throat and exit cone analysis pradiction locations, the
effective emissivities calculated from Equation (4-5) were 0.30 and 0.09, respec-
tively, for a nominal chamber pressure of 700 psia. However, a distribution of
the effective emissivity with streamwise length was required for the two-dimen-
sional analysis of the nozzle throat insert for nozzle no. 8. This distribution
is shown in Figure 4-7 for each of the four pulses which comprised the multiple
pulse duty cycle for this nozzle. This figure shows the increase in effective
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emissivity with the recession of the MXC 313 carbon phenolic entrance cap.
Average values of local pressure (or area ratio) during a particular pulse were
used for predicting the effective emissivity as the accuracy of the stream
emissivity correlation (Equation (4-6)) did not warrant a detailed analysis.

In conclusion, the overall effect of radiation as compared to convective
heat transfer during the firing pulses is small. For example, during the first
pulse of the nozzle no. 8 firing, the net radiation at an exit cone area ratio
of 4.2 amounted to only 4 percent of the total energy transferred to the nozzle
surface.

4.2.1.3 Exposed Surface Boundary Condition During Cocldown

At motor burnout, convective heating of the nozzle surface is eliminated
which simplifies the surface energy balance given by Equation (4-2) to the
following form:

9rad in ~ 9rad out ~ Jcond = 0 (4-7)
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In applying this equation during cooldown, it was assumed that the nozzle
surface was an isothermal gray body. This assumption implies there is no net
radiant heat transfer between the surface under consideration and the rest of
the nozzle intericr. The only net transfer of radiant energy occurs between the
section of wall being analyzed and the environment beyond the exit plane of the
nozzle exit cone., Thiz flux is given by

= b o -

where

Te = environment temperature exterior to the exit cone
Neglecting T; in comparison to T&, this equation becomes
= - 4 -
dnet rad = = FeuoTy (4-9)

Equation (4-9) was used to model the radiative heat flux during cooldown.

In evaluating qnet rad at the nozzle throat and exit cone analysis loca-
tions from Equation (4-9) a value of 0.9 was used for the wall emissivity and
values of 0.01! and 0.310 were used for the view factor at the nozzle throat and
exit cone locations respectively. The view factors were calculated using
the procedures presented in References 9 and 10.

A brief analysis was performed to study the sensitivity of the predicted
cooldown temperatures on the magnitude of the view factor for the upstream
thermocourled plug., For this sensitivity analysis, one prediction was made using
the view factor mentioned above {0.310) and one was made assuming a view factor
of zero. The temperatures were predid®: for the cooldown following pulse no., 1
for nozzle no. 8, and these temperatures are shown in Figure 4-8. Based on these
results two conclusions are apparent, namely

® the predicted temperatures during cooldown are a weak function of the
radiation view factor

e the predicted temperatures during cooldown at the TC no. 1 location
for either value of the radiation view factors are considerately below
the measured temperatures

Even though the finite value for the radiation view factor causes the cooldown
temperaturés to be under predicted, it best represents the radiation phenomena
during cooldown, and, thus, it was used for all of the multiple pulse nozzle
analysés. The reason for the temperatures being under predicted during cooldown
is presented in Section 4.3.
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4,2.2 Ablating Surface Thermochemical Response Solutions

During the firing pulses, the nozzles were exposed to a high temperature
chemically reacting environment which caused chemical corrosion at the surface
of all of the components and caused in-depth material degradation and off-gassing
for the charring ablating components. In order to account for the complicated
boundary layer thermochemical phenomena occuring at the nozzle surface in such an
environment, the ACE code descrihed in Section 4.1 was utilized to generate
parametric sets of surface thermochemical solutions suitable for input to the
CMA or ASTHMA thermal response analysis procedures. The surface thermochemistry
results computed for the throat package are presented in Section 4.2.2.1 and
those for the exit cone location are presented in Section 4.2.2.2,
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4.2.2.1 Graphite Surface Thermochemistry Solutions

The surface thermochemical response of graphitic materials such as ATJ
and pyrolytic graphite (PG) is controlled by the finite (as opposed to equilibrium)
reaction rates of the surface carbon atoms with the Hzo, Co2 and H2 components
of the solid propellant simulator combustion products. The kinetically controlled
reaction rate models developed under Air Force Contract F04611-69-C-0081 were
utilized to compute the surface response of the graphite components in the multi-
ple pulse nozzle throat package. The solutions were performed using the ACE code.

The kinetic response model incorporates a Langmuir type surface reaction
inhibition expression into an Arrenhius temperature dependent rate relation,
The rate expression and reaction kinetic rate constants are given in Table 4-3.

TABLE 4-3

KINETICALLY CCNTROLLED REACTTON PATE EXPRESSIONS USED FOR PG LAYER
AND ATJ GRAPLIYE SURFACE THERMOCHEMISYTRY SOLUTIONS®

Pre-Exponent Factors Activatioén Energies
{units to give Z.e bolow) (cal/mole)
Material | 4
By 5 E E,
Layer PG 12.5 0.77 46,000 55,500
Edge PGV 4,12 x 10° 1.03 x 10¢ 65,500 129,500
AT3 (Bulk) Graphite | 1.88 » 10> | 4.94 x 107 i |
a 2y (= PrnP 2
oo = Byep LTy /1) L\ DY .3
et W By0 * Py, * Peo, * Peol ¥ ey |{TH0 Kyo €0, o,
Byexp(-E,/8T,) Pe iy Jeed
+ - By = —po—e moies of reaction/ft°sec
WPy o * Peo, * Peod |2 Ty )
2 2 2
bNo edgce PG solutions were performed; constants included for completencss.

The partial pressure gquantities were evaluated in the ACE code using the

film coefficient, multicomponent unequal diffusion boundary layer model. Gaseous
species adjacent to the graphite surface were allowed to be in chemical equil-
ibrium with each other but not with the surface. 1In order to allow diffusion

of only *he gaseous components of the freestream flaids, an effective boundary
layer euge gas composition was defined by removing those elemental amounts tied
to the condensed alumina from the ANB 3066 composition. The relative elemental
composition with and without alumina are given in Table 4-4.
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“ABLE 4-4

CHEMICAL ELEMENTAL COMPGSITIONS ['OR THROAT AND EXIT CONE
SURFACE THERMOGHLMISTRY SOLUTIONSS

Boundary Layer Edge S FM5055A Carbon Phenolic
; : \
Element ésg&gggzg “1283'b Surface Pyrg;zsis Char
Al,044 Allowed
Hydrogen 3.460 3.460 -—— 10.597 -—-
Carbon 0.905 0.905 8.326 5,083 8.326
Nitrogen 0.624 0.624 —— ——- .-
Oxygen 2,382 1.534 -—- 1.767 ——
Aluminum 0.583 0.018 - ——- ———
Chlorine 0.651 0.551 .- ~— -——-

351) quantitics in gr atoms/100 gr of mixture

bhass of A1203‘ removed per mass of gas phase yemaining = 0.404

Surface maps were generated for two locations for both the ATJ throat
retainer ring and the layer oriented pyrolytic graphite throat insert. One
of the pyrolytic graphite maps was generated for the throat plane conditions and
used for all one-dimensional throat response calculations. The conditions for
the other three maps were defined so that streamwise variations in surface ther-
mochemical response could be accounted for in the two-dimensional throat package
response calculation (nozzle no. 8 only). The area ratio, local static pressure
and temperature, local edge gas recovery enthalpy, and the local mass transfer
coefficient values for which the kinetically controlled response calculations

were performed are given in Table 4-5. The non-dimensional ablation rate maps

TABLE 4-5

SUMMARY OF THRCAT AND EXIT CO.'E CONDITIONS FOR WHICH
SURFACE THERMOCHEMISTRY 3CLL''IONS WERE OBTAINED

dRe:ov:r7 enthalpy o4ga

alz hom

thcaa wzeorial Edge Static Conditions iNominal Transfer Coefficient Necevery |
atio Pressure Temperature ; Hcatb MassC Eathalpy©
(atm) (°R) i (b/ft?sec) (1b/ftisece) (Btu/1bm)
| aaiaa U Y — A eAASes e g § T e
11 L3
!
-1,7 PG 44.0 3208, i 0.67 9.53 387,
|
Throat PG 27.6 3022, i 0.82 9.65 361.
i.4 ATI 13.5 2784, i 0.53 0,42 324,
2,0 ATS £.5 2521, : 0.36 : ~.23 262,
4,2 FM5055A 2.4 i 2313, : 0.17 0.1' 327.
aﬂcqativu nviber indicates gubronir crea ratio
bneuc traansfor coafficicnt equals 0.7% Limen ARGLINS rosuls
Cratio of mars ¢ heit conffict
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GRAPHITES TO ANB 3066 PROPCLLANT SIMULATION

for each lccation are shown in Figure 4-9. Also shown in Figure 4-9 are the
peak surface temperature points attained during the ASTHMA throat package
thermal analysis.

4.2.2.2 £Larbon Cloth Phenolic Exit Cone Thermochemistry Solution

Diffusion contrcliled surface thermochemistry state solutions were com-
puted using the ACE computer code for conditions corresponding to an area ratio
of 4.2 in the exit cone of the multiple pulse nozzles. These solutions para-
metrically defined the surface response analysis. The surface thermochemistry
solutions utilized 1) the same multicomponent, unequal diffusion coefficient
boundary layer model that was used for the kinetically controlled throat response
analyses (Section 4.2.2.1), 2) the effective edge gas compousiticn given in
Table 4-3 as the change in the freestream alumina between the throat ari the
A/A* = 4.2 locations was negligible, and 3) the boundary layer edge conditions
given in Table 4-4. FPurthermore, since the carbon cloth phenolic depolymerizes
in depth at varying rates, the effect of different relative amounts of pyrolysis
gas on the surface thermochemical response was evaluated. The computed non-
dimensional ablation rates for parametrically changing values of non-dimensional
pyrolysis off gas rate are shown in Figure 4-10.
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4.2.3 Thermal Properties

A brief literature survey was conducted to define the most applicable
thermal properties to be used in predicting the thermal performance of the
FM 5055A carbon cloth phenolic. This survey revealed that the desired data could
be obtained from either Reference 2 or Reference 1ll. The major descrepency
between the data presented in these references is for the virgin and char thermal
conductivities. In Reference 2, virgin and char thermal conductivities are
presented for MX 4926* while in Reference 11, a model is presented for calcula-
ting the virgin and char thermal conductivities for either MX 4926 or FM 50355A.
The thermal conductivity results from these references are shown in Figure 4-11
with the properties labeled MX 4926 obtained from Reference 2 and with the proper-
ties labeled FM 5055A obtained from Reference 11. Since virgin material thermal
conductivity above 2000°R has very little significance because the material is
generally approaching the fully charred state at this temperature, the virqin
and char thermal conductivities from the two references for a 90 degrce layup
angle are in close agreement. 1In addition the virgin material properties from

manufacturers.
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the two sources are in close agreement for the 0 degree layup angle material.
However, Figure 4-1la shows that a major discrepency exists for the char thermal
conductivity from the two references for the 0 degree layup material. Since
the layup angle for the FM 5055A exit cone under consideration is 15 degrees,
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TEMPERATURE, DEGREES R
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FIGURE 4-1)  THERMAL CONDUC/(IVITY OF FM 50554 AND -X 4926

CARBON CLOTH PNENOLICS
the discrepency in the char thermal conductivities at a 0 degree layup angle had
to be resolved. As a first step, CMA analyses were performed for pulse no. 1
of nozzle no. 4 using both sets of thermal conductivity properties, ard the pre-
dicted temperatures from the analyses are compared with the measured in-depth
temperatures in Figure 4~12, In performing these analyses, the input information
{Section 4.1) other than the virgin and char thermal conductivities was obtained
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from Reference 2 and a portion of this inféormaticn is summarized in Table 4-6.
TARLE 4-6

PHYSICAL AND CHEMICAL PROTERTIES
TOR TN 30830 CAPMUN CLOLN PHENOLIC

tominal Density, 1b/ce? 89.4

Horinal Resia taction 0.349%
Resin Residual 0.40
Virgin Material Heat of Formation, BlLu/lb| =379
'Assumed Resin Dlemenilal Formula CGHOO
incinforccmqnt Elemeutal Forrmula c

In addition, the effect of material layup angle on the thermal conductivity was
accounted for by using the following relationship:

Kgge
k = ko° 1+ -1 sin 0 (4-9)
\oo
where
k0°’ k90° - thermal conductivity for the 0° and 90° layup angles,

respectively

1
(2]
1

layup angle
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- Careful examination of Figure 4-12 shows that the predicted temperatures
3 using the MX 4926 properties are in good agreement with the measured temperatures
2 for temperatures above 1200°R but that the predicted temperatures using FM 5055A
4 properties provide better agreement for temperatures below 1200°R. A review of
F the comparisons between the measured and predicted temperatures presented in
Reference 2, which were for MX 4926 thermal properties, also showed that the
material temperatures were overpredicted for temperatures less than 1200°R,
Based on the temperature comparisons presented in Figure 4-12 and Reference 2,

a set of modified@ FM 5055A thermal conductivities were defined for a 0 degree

: lavup angle. These properties which combine the best features from the MX 4926
2 &nd FM 5055A properties are presented in Figure 4-13,
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FIGURE 4-33  NODIFIED intRMAL CONDUCTIVLITY FOR
FM GOS5A-0 DLGRLE LAYUP
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The predicted temperatures using these modified properties are also presented in
Figure 4-12 and, as expected, provide better overall agreement with the measured
temperatures. As a further check on the modified FM 5055A thermal properties,
option 2 CMAR analyses were performed using TC no. 2 of pulses no. 1 and 2

for nozzle no. 8 as an impressed boundary condition. For the MX 4926, FM 5055A,
and modified FM 5055A thermal properties, the predicted in-depth temperatures

at the TC no. 3 location are compared with the measured temperatures in Figure 4-14.

3000 I I
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FIGURE 4-14 COMPARISON OF PREDICTED AND MEASURED IN-DEPTH TEMPERATURE USING
OPTION 2 CMA

The temperatures predicted using the modified FM 5055A propertiies are in better
agreement with the measured data than those using the MX 4926 properties. How-
ever, the slope of the measured temperatures for pulse ne. 2 and the subsequent

cooldown was predicved better by the temperatures using the MX 4926 thermal
conductivities,

Based on the above analyses, the modified FM 5055A th.rmal conductivities
were considered the most realistic and were used in predicting the thermal perfor-
mance of the FM 5055A carbon cloth phenolic at a supersonic area ratio of 4,2,

The thermal properties used for the PG coating, the ATJ and AGSR graphites, the
GA carbon, and the RPD 150 asbestos phenolic materials in the nozzle throat
analysis are presented in Figure 4-5 and Tables 4-7 and 4-8.
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TABLE 4-~7

SPECIFIC HEAT AND DENSITIES FOR PYROLYTIC GRAPHITE,
AT3 GRAPHITE, AGSR GRAPHITE, AND GA CARBON

NeI (p w 108 1b/ft?) o
and GA Carbon Pyrolyti:z Graphite AGSR Craphite
{o = 96.6 1b/ft?) (p = 137.3 1b/ft?) (p = 96.1 1b/ft?)
Temp Spacific Heat Tenp secific Heat) Temp | Specific Heat
¢ {°R) {Btu/ib°F) (°R) (Btu/1b°F) (°F) (Btu/1b°F)
; 192 .170 525 .240 500 .220
3 720 .250 750 .276 1000 .323
) 1080 336 1060 .313 1500 .390
9 1800 .415 1850 409 3000 .48)
3 2160 .440 2190 .445 4000 .504 :
252 .460 2650 .480 5000 .520 ;
1 2820 .475 3060 .498 6000 .530
2 3240 .488 4460 .520 ;
39690 .505 7460 .520 4
: 4660 .514
- 5400 .524 p
: TABLL 4-8

*
THERMAL PROPERT1ES USED FOR RPD 150 ASBESTOS PHENOLIC

(p = 96.6 1b/ft?)

e

é

g

Thermal %

Tomp | Specific Heat! Conductivity %

(°R) (Btu/1b°r) (Btu/ft sec®R) g

. 492 .170 .825 x 107" 3
720 .250 .825 x 10°* 3

- 1080 .336 .825 x 107" 1
- 1440 .385 .850 3 107" ;|
1800 .415 .850 % 10°° 3

2160 .440 ,870 x 107" 3

3 2520 .460 .900 x 107" 3
3 ! ;
3

[ ]

Since the ASTUMA Program docs not account fcr
in~-depth charring, the virgin material propertics
have been modified to take this into account.

b 3%

-

E 4.3 COMPARISON OF COMPUTED AND MEASURED MATERIAL PERFORMANCE DATA

Based on the measured multiple pulse duty cycle operating conditions,
: one dimensional transient ablation and thermal response analyses were per formed
- for both the upstream thermocoupled plug location (exit cone A/A* = 4.2) and the
: throat plane cf each of the five nozzles. For nozzle no. 8, a two-dimensional
analysis was done for the graphite throat package and its asbestos phenolic backup
material. Comparison of the results from the one-dimensional solution to those
from the two-dimensional solution for this nozzle gave an accurate definition of
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the differences between these two types of solutions. These differences at the
back surface of the AGSR substrate were applied to the cne-dimensional solutions
for the other four nozzles in order to arrive at approximately two-dimensional
solutions. The thermal performance predictions for the nozzle throat package

and for the FM 5055A nozzle exit cone are compared to the measured material thermal
performance in Sections 4.3.1 and 4.3.2, respectively.

4.3.1 Throat Package Response Analysis Results

A two-dimensional thermal response analysis including the effecte of sur-
face ablation was performed for the throat package of nozzle no. 8. This solution
provided an accurate evaluation of the temperature field within the throat
package for the entire four pulse duty cycle. The nodal layout for this ASTHMA
2-D analysis as well as the locations for the two thermocouples is shown in
Figure 4-16. Part of the asbestos phenolic backup material is not included in

4.0

L)
ASBESTOS l !

// PhrHOLIC l -GAICAPBON
; i g
3.0 ¢ T ~_§~"L" ]

l

——
i
; NN -\‘T. ]\N'* o
i —— ———
=N |
l : T ———]
‘-—~~.1_ i \ T
4 -
5 2.0 |
= ~,
-
- ~.
- -
>
a N
- ~
= R,

= ATY
L N
AGSR THE RMOCOUPLE
PYROLYTIC LOCATIONS
GRAPHITE
?runoar! 4}//—-NOZZLE ¢
) : i
0 1.0 2.0 10 4.0

AXTAL DISTANCE, INCHES
FIGURE 4-16  THROAT PACKAGE NOLAL LAYG'T FGR 2-D AMALYSIS

4-27




s

Al

the nodal grid as it does not influence the thecrmal response of the throat pack-
age. The surface thermochemistry maps shown previcusly in Figure 4-9 were
defined for surface locations corresponding to grid system axial distances (see
Figure 4~16) of 0.5, the throat, 1.5 and 2.5 inches.

To make maximum utilization of the 2-D analysis for nozzle no. 8, a 1-D
analysis was performed at the nozzle throat plane using the CMA code. By com-
paring the surface recession and the surface and in-depth transient temperatures
from both solutions, the adequacy of the 1-D analysis can be defined. Since the
surface energy balance formulation in the CMA and ASTHMA codes are identical, the
same throat surface response map could be utilized in each solution. The convec-~
tive and radiative surface boundary conditions could also be specified identically
so that the only difference between the CMA and ASTHMA solutions at the throat
plane is the 2-D heat conduction effects. Since the materials, geometries, and
overall heat flux levels are similar for ali five nozzle firings, the differences
in the temperatures predicted by the two types of solutions for nozzle no. 8 can
be applied to the temperatures predicted by the 1~D throat analyses for nozzles
no. 4, 5, 6, and 7 in order to obtain approximate 2-D predicted temperatures. By
comparing these temperatures to the measured temperatures at the back wall of the
throat insert, the relative accuracies of the two predicton procedures can be
evaluated for each of the five duty cycles. Comparisons of computed one- and
two~dimensional thermal response results are compared to the measured back wall
temperature histories in Section 4.3.1.1., The throat plane surface recession
calculations are compared to data in Section 4.3.1.2.

4,3.1.. 1In-Depth Temperature Comparisons

The predicted transient temperatures using the ASTHMA 2-D analysis are
compared in Figure 4-17 with the temperatures measured at the rear surface of
the AGSR for nozzle no. 8. As shown by this figure, the predicted temperatures
winich take two-3limensional effects into account are in excellent agreement with
the measured data as the difference between the measureé and predicted 2-D temp-
eratures is less than 100°F for thec entire nozzle no. 8 duty c¢ycle (4 pulses).
Figure 4-18 shows the measured and predicted temperature histories for the thermo-
couple at the back wall of the ATJ throat retainer ring. Again, the temperatures
predicted by the two dimensional analysig are in excellent agreement with the
measured temperature as the maximum difference throughout all four pulses is less
than 130°F.

The close agrecement between the 2-D predicted and the measured temperature
histories indicates that the overall cnergy content of the throat package has been
correctly computed., Even though this encrgy content is the integrated effect
of Lhe surface convective and radiative heat fluxes during the entire duty
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cycle, the agreement between the predicted and measured temperatures does sub-
stantiate the analysis procedures used to define the environmental boundary con-
ditions at the nozzle surface.

The results of the one-dimensional CMA analysis for nozzle no. 8 are also
shown in Figure 4-17. The one-dimensional predictions closely parallel the two-
dimensional ASTHMA predictions but are consistently low by as much as 550°F.
This result was expected because:

e The path of thermal energy transport in the 1-D analysis is radial
and, thus, all of the heat must be conducted through the PG coating
which has a thermal conductivity abhout 15 times smaller than for both
the AGSR substrate and the ATJ throat retainer ring materials.

e The path of thermal energy transport in the 2-D analysis is both radial
and axial and, thus, because of the lower thermal resistance of the
ATJ throat retainer ring, heat enters this ring from the nczzle environ-
ment and is conducted axially intoc the AGSR substrate; this axial flow
of heat causes the temperatures predicted by the 2-D analysis to be
higher than those predicted by the 1-D analysis.

The remaining four nozzles (nozzles no., 4, 5, 6, and 7) were analyzed
using only the one-dimensional CMA analysis., To estimate the expected two-
dimensional analysis results for these nozzles, a simple model was formulated
to account for the axial heat conduction. 1In this analysis, the amount of thermal
energy which arrived at the throat thermocouple was assumed to come from two
separate fluxes. One flux was that which penetrates the PG layer and the second
flux is that which is conducted axially through the ATJ graphite. This second
flux was computed in the two-dimensional analysis but not in the one-dimensional
analysis. These heat fluxes were correlated with the temperature rise of the
thermocouple at the backside of the AGSR at the nozzle throat plane. The
temperature rise due to heat flux through the PG coated throat is predicted by
the one-dimensional CMA analysis. The additional temperature rise resulting
from the two-dimensional temperature prediction is a result of axial heat conduc-
tion. The temperature difference between the two prediction techniques at
the backside of the AGSR are given in Figure 4-19 as a function of the local

'temperature predicted by the one-dimensional analysis. Using the correlation pre-~

sented in this figure, the temperatures predicted by the CMA one~dimensional
analysis were corrected to include two-dimensional heat conduction effects.

Figures 4-20 through 4-23 show the measured temperatures, the temperatures
predicted by the one-dimensional analysis, and the estimated two-dimensional
analysis temperatures at the backside of the AGSR for nozzles no. 4 through 7.
These comparisons show that two-dimensional conduction cffects are fairly well
characterized by the temperature correction correlation presented in Figure 4~19.




pziy

NAERTATY

Gl LR A

INIHIYINT NOTID3HYOD 3UNLVYIAW3L SISATVHY TYNOISNIWIO-INO 61-¥ 3unolJ
3o *(9l1) SISATUNY IWNOISNIKIG 3INO WOYJ 3¥NLVNICHIL

0002 coslt coct 009

3NYId 1VOYHL
3TZZ0N 3HL 1V S3IYNLVI¥IIWIL 3IIVS
=XIVE YSIOY C3I1I103d¢ 3¥V L 3Y3HAM

SISATYNY TVWHIHL

8 *on 372208 Woys Iy - 625 . 9

[

IR

P el b By o ph o B e b gl s B

[~
o
—

do “(47) 1N3WIYINI KOILIIWYOD 34NLVYIIWIL

oce

00¢

ooy

00s

o
o
o

"

4-32




W F e e

TR

TEMPERATURE - °F

208 l I v
~—= PALCICTED (1-DINENSIONAL ANALYSIS .
o MEASWRED (THERMOCOUPLE 'DEPTH o 1,18 IN.) ,
2800 1 i i 1
o e e £ STINATED z-ommmt'Auusxs RESULTS
]
. - CO0LOOKN PULSE FULSE ot e e
jo—— pULSE NO. 1} 0oL o 2 COOLRQWN “g': g C00LDOWN
2200 = - !.__.._ _— R
= <
L -
g g I
o [of e Xels ~
" p =t OCOO \-CCC\_OCC
DY Pvy = ‘
l
16¢¢ o —_— i
T —— ead
A i
1200 —// 00000000
°
0 30
TINE « SECOMDS
FIGURE 4-20 COMPARISCK OF PREDICTED AND MEASUAED IN-DEPTH TENPZRATURE
NESTORIES AT THE THROAT T
200 r
] [ 4 -
; ! | ' z ]
: i
¥ !
i i = ' !
2600 frm—mr—~ == — PREOICTED (V-DIMENSIONAL ANALYS(S) 2 i ey e
i O PLASURED (THEAWOCOUPLE DEPTH  1.18 IN.) o i i
o _ _ ESTIMATED 2-DIMERSIONAL ANALTSES RESULTS ’ i
H
FYTY N S SRR S - i ! . ! s .
S et A S o
low - = P’ULSI ND . l' , ECOOLDOIN PULSE WO, 2 = -—-romtes - — COOLCONY - -
. 1 H
i : H ] o
2300 fmm = - 3 et | e : ,.% ' [ D — ‘.._..._- St
- 3
’ i i f s ; : - P
- : I s H t HDo0CO0O0ODnDCE T
] ' ] | I i i 00 l ° c
- 186 . -3 Poe by - T i Qo fomed :
2 i 1 i ' [+] i { i
7 i i o] — T -!--
= ; i o :// ; ;
. | i !
. - . _____,’ - - i
P
E !
} :
1 B
! .
. ]
62 b !
I Vo
|
I !
9 L H
0 . Vs 1 ” Y3 w82 @ YL
TINT SLCONDS

FLouPe 4.2

RISTORIPS AT fKE INROAT

COMPARISEY OF PALGICTED AND MEASUYLD §%.086TH TEUP{TATURS

~NOLILE KRG S




e AL b

TR T D FOa T

LN RS

bt i

TR

T

bl A A

s L R Ly

TEMPERATURE ~ OF

TEMPLRATIRL - €

DA T2 s S o e S i e et ek b P A s e M 4 S L e X

dodinte i

e s ERoacsarel i L Bt LN A

i | T
~~em PKEDICTED (1-DIMENSIONAL ANALYSIS)
© | MEASURED (THEANOCOUPLE DCPIH - 1.18 IN.)
2800 —— tsnm:o 2-DINENSIOMAL ANALYSIS RESULTS
! I | I !
PULSE COOLOONN PULSE COOLDONN PULSE o= €oOLOOMN
.1 "0, 2 0.3
2600
. = g
2 a
« - 00¢% 000 %co L
2000 5 —] 5 o~ L. ¢
= b4 ° o, -~
L O_.»
|_ 5600008008650
1600 ,/4’ 09
o .
7 o ‘
// oe /_
1200 § LI QU N
7 | | °
)V
000000¢g °
/| °o°°°°° | |Oo°
00 /-0 8
o
400 l i
o l
11 4 35 o0 %0 100 110 120 1%
TIRE - SECONDS
FIGURE 4-22 CORPARLSON OF PREDICTED AND NEASURED IN-DEPTH TENPERATURE
NISTORIES AT THE THROAT NIUE W0. &
3200 l [ ! ] i
o~ PREDICTED {1-DINENSIONAL ANALYSIS)
O  MEASURED (THEANOCOUPLE DEPTH o 1.18 IN.)
2800 ——— ESTIRATED 2-DINEASIONAL ANALYSIS RESULTS ]
N ] ! 1 ' .
PULSE COOLOMN N puLSE CO0LCOUM VULSE i €00L0CKN
no. 1} - %G, 2 = N, 3
2400 s + =
o
g 2 | oo
[ * o°
5 g o °  °
x= it ov—
/ [y
00049Q0%naq / ) N
[e) °/’1 %00—--’ \
i

(el

1600 - N D}

1200 j—o———rbrrrm— -—-7;-& JRSe °
i OQQOOQ 000000
/ OO : l
/e°” | |

930 }—— —-

40

[T USRS R SRS 4 4
]

3 30 - % 0 50 6 1 0 0
TirL - SECORDS
FIGIAE 4-20 CONPARISON OF FAEDICTED AND MEASURLD IN-OFPTH TENPEAATUAL

HISTORIES AT ThE THROAT NOZILE WO, 7
4-34

Ty 2wt =

100

110 120 130

Bt e

§

Wil hdieg

0 SR 80l e B s b L0 W It K L0

Ll ol

Ttk e T b o S d S a3




Furthermore, from the comparisons shown in Figures 4-17, 4-18, and 4-20
through 4-23, it is concluded that all of the firing and cooldown combinations
could be accurately predicted by the 2-D analysis but that useful response infor-
mation was obtained from the 1-D analyses. The primary disadvantage of the one-
dimensional analysis is that it underpredicts the backside temperature and, thus,
it is non-conservative in inferring bond line temperatures. 1In addition, the
amount. of discrepancy between the temperatures predicted by the two methods
dictate that a two~dimensional analysis is required if a valid structural
analysis is to be performed.
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4.3.1.2 Evaluation of the Pyrolytic Graphite Layer Recession Calculations

As described in Section 4.2, the pyrolytic and ATJ graphite ablation
rates during the multiple pulse firings were evaluated using the kinetically
controlled graphite ablation model developed under Contract F04611-69-C-0081.

A summary of the computed surface response of the pyrolytic graphite coated
throat insert is given in Table 4-9 for each firing pulse. Also shown in

this table are the average nozzle throat plane surface recession measurements,
average throat recession rate values inferred from pressure data, and the pred-
icted temperatures at the nozzle surface and at the front and rear faces of

the AGSR substrate. For nozzle no., 8 both the one~ and two-dimensional heat
conduction results are shown. As pointed out in Section 4.3.1.1, the two-dim-
ensional solution gave higher temperatures for the backwall of the AGSR subst-
rate. However, the surface temperature and recession results were only slightly
affected by the 2-D heat flow.

The average surface recession comparisons given in Table 4-9 indicate that
for all five multiple pulse nozzles the predicted throat recession was substan-
tially below the average of the post-test recession measurements. For nozzles 4,
6, 7, and 8, the PG throat liner was completely burned through in several places.
Only the nozzle no. 5 throat liner which was exposed to only two pulses survived.

The possible reasons for the difference between the predicted and measured surface
recessions are

e The effect of nonuniform combustion product mixing on the local
surface chemical reactions

e The possibility of pyrolytic graphite surface reaction kinetics chang-
ing because of the annealing effect of the first pulse heating cycle

e The kinetically controlled reaction rates and model may be inaccurate

3 ® The difficulty in evaluating the heat transfer coefficient values in
the boundary layer separation and reattachment region

Aspects of each of these possible explanations are described below.

4-35
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™HE 4-9
MILTIPLE PULSE NOZLE THIOAT FESFONSE SUMMARY

A AGSR Substrate Predicted

3 Mve Surface | Predicted Measured Recession Mate
Yy Noezle | Pulese | Swface | Maximm Maxirum Recession Surface Surface Inferred From
% No, ™p Frontside Backside Rate Tecession Recession Pressure Deta
> *n °n (mils/sec)|  (nils) (inches) (ndls/sec)

3 4 1 %) 1926 104 0.14 33 — 2.0

: 2 5310 1840 2198 0.14 .8 - 21

= 3 $300 a2 1569 0.12 7.0 0,037 ¢ 0,050 37

: s 1 S0 12 1173 0.15 3.2 — 1.9

: 2 $320 2005 1433 0.14 6.4 0,016 + 0,010 0.6

- ¢ 1 $330 1733 1240 0.18 2.8 - 1.8

< 2 5350 2346 169 0.1% s.2 —— 2.6

- 3 s340 2567 1910 0.14 X 0,035 + 0,030 69

£ 7 1 $330 1738 1258 0.15 2.6 e 2,3

g 2 5389 233 ml 0.15 S.4 — 2,3

3 3 SUS 2611 193 0.14 7.0 0,036 + 0,030 27

A s 1 $320 1526 ma 0.14 1.8 — 2.3

2 2 S340 2019 1488 0.14 3.6 — 2.5

3 3 5380 2017 1708 0.14 S.5 — 2.8

4 4 5350 2240 2030 0.14 7.4 0,38 + 0,030 6.4

E 1 $340 1053 1N 0.8 1.8 —_ 2.3

: 2 5380 211 2027 0.15 3.9 e 2,5

t 3 5380 2993 2103 0.15 .9 e 2,8

: 4 $3%0 3%2 e 0.1% 7.9 0,38 £ 0,030 6.4
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As described in Section 3, there was evidence that the combustion products
were not totally mixed (Figure 3-2)., If the fraction of oxygen in the boundary
layer were on the average higher than that in the total flow, measured recessions
would be greater than the computed recession. The possibility that the kinetic
response model developed under Contract F04611-69-C-0081 did not adequately char-
acterize the ablation phencmena in the multiple pulse duty cycles also exists.

For example, the effect of the pyrolytic graphite annealing during the first
firing pulse and cooldown may have affected the kinetic response mechanisms during
later pulses. Arc heater tests were run under the kinetic model development pro-
gram (Contract F04611-69-C-0081) which indicated that annealed models tended to
ablate slightly faster than "as deposited" models. Such conditioning of the PG
coating would result in higher recession rates during the start pulses. The
recession rates inferred from chamber pressure versus time data indicate that an
annealing effect was probably not important. Although the quality of these
recession rate data is low because the changes in pressure were small, the average
throat recession rates were roughly constant until the probable burn through time,
independent of the type of start up or the number of pulses. Alternately, it may
be possible that the kinetic responee model is not suited to the ANB 3066 simulator
propellant environment. This is not likely, since the model has been shown to

A adequately characterize the response of pyrolytic graphite to several similar

3 propellant formulations.

A

RN e D 0

2 The most probable explanation for the large measured throat recessions is
4 the severe heating caused by the disturbed flow field in the throat region. Boundary
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layer reattachment in the vicinity of the throat plane could provide sufficient
additional heat and mass transfer to explain the larger than computed recessions.
In the multiple pulse nozzles the shape of the ablative part at the nozzle entrance
most certainly caused a separated turbulent wake flow field in the throat region.
Reattachment of such a flow would result in a very severe local heating condition.
The analytical evaluation of the heat and mass transfer in such a flow situation
was not attempted in this study. However, the simple flow model which was used
for the computations described here gave a baseline, lower limit boundary layer
solution. The throat package thermal response comparisons described in Section
4.3.1.1 demonstrated that the overall boundary layer solution was adequate.
However, local perturbations such as increased heating at the reattachment point
would not significantly affect the in-depth response of the nozzle throat insert.

4.3.2 Carbon Cloth Phenolic Exit Cone Response Analysis

One-dimensional transient heating and material ablation solutions were
performed using the CMA code for the upstream (A/A* = 4,2) thermocoupled plug
location for each of the five multiple pulse nozzles. The l1l-D analysis procedure
accurately modeled the ablative response. Two CMA program options were alter-
nately utilized to specify the heated surface boundary condition. For each
simulator firing pulse, the radiative and convective surface heat fluxes were
evaluated by demanding energy conservation at the ablating surface. These solu-
tions accounted for the energy fluxes associated with each of the ablation
phenomena depicted in Figure 4-1., For the cooldown periods between or after
firing pulsesr, the convective heating option was not allowed and the surface
radiative boundary condition was evaluated by a simplified surface energy balance.

The nodal system for the CMA analysis was the same for each of the five
nozzles. This system is shown schematically in Figure 4-24. Also shown are the
locations of the three in-depth thermocouples. The computed temperatures at
these locations are compared to the response measurements in Section 4.3.2.1.
Recession and char thickness calculations are compared to post test measurements
in Section 4.3.2.2. Computed density profiles are related to the density pro-
file measurements (Section 3) in Section 4.3.2.3.

4.3.2.1 In-Depth Temperature Histories

The computed surface and in~depth temperature histories for the five
multiple pulse nozzles are compared to thermocoupled plug data in Figures 4-25
through 4-29 The general conclusion reached from these comparisons is that the
analysis technique does a reasonable job computing the in-deptn thermal response
of the ablative materials. Differences between the response analysis results
and the data are primarily attributable to:
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® uncertainties in material thermophysical properties

e the inability to model two-dimensional heat conduction or surface
heat convection during cooldown

Factors.which are of secondary importance in explaining these differences are
e uncertainties in thermocouple depths
e erroneous data due to thermocouple lag time
® effects of char swell on material response

An analysis of the sensitivity of computed in-depth temperatures to
material property errors was described in Section 4.2 which showed that thc
property values used in the 1-D analysge were of sufficient accuracy to compute
the proper response trends. However. uncertainties in material properties
would result in an uncertainty band of at least + 100°F in the predicted temperatures.

pifferences between the predicted and measured temperatures indicate that
the material response was not well modeled during the cooldown phases of the
duty cycles. This was apparent since calculated temperatures in the char layer
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from TC no. 1 were well below the corresponding thermocouple data. There are
two possible reasons for the computed results being low. One is that the surface
boundary condition specification during the cooldown was incorrect. However,
this explanation does not seem appropriate as the analysis of the temperature
response sensitivity to the radiation interchange model (Section 4.2) indicated
that the underprediction could not be explained by an error in the radiation
model. This analysis showed that even with no net radiation energy loss from
the surface, the measured temperatures at the TC no. 1 location were above the
computed temperatures. Furthermore, it is possible but unlikely that during

the nozzle cooldowns the simulator purge flow provided convective heating to the
nozzle surface. The second and most reasonable explanation for the measured
temperatures being higher than the 1-D solution is that heat is being conducted
into the exit cone from the graphite throat package. This gpeculation is

confirmed by the response comparisons for nozzles no. 4 and 5 (Figure 4-25 and 4-26).

Each of these nozzles had cold restarts and the difference between the predicted
and measured cooldown temperatures at the firet thermocouple location (0.125 inches)
was much smaller in the first pulse than the second. This i3 consistent with

the realization that after the second pulse the char layer would be much thicker
which would result in the net heat flux from the throat insert beinc much larger.

The heat conduction in the exit cone char layer is difficult to model
analytically with the 1-D analysis procedure. A crude approximation could be
made by allowing a source term to be specified for each node of the analysis
grid. A more rigorous technique would be to use the 1-D charring solution for
the firing pulse as the initial condition for a 2-D non-charring analysis of the
cooldown. The 2-D grid would include the entire throat package and exit cone.
The correct modeling of cooldown events is important only because of the hot
restart duty cycie requirement. For hot restarts, the errors in the temperature
field are maintzined and subsequent errors become additive. For the multiple
pulse duty cycles analyzed in this program, errors in computed in--depth temper-ture
were no larger than 400°F.

The secondary factors described above may also have contributed to the
differences between the computed in-depth temperature histories and the data.
These sources of error are not peculiar to the multiple pulse duty cycles, and
since they have been discissed in detail in Reference 8, only a brief summary
of them is included here.

The uncertainty in thermocouple depth directly results in an uncertainty
in the predicted temperaturus. Since the thermocouple depths reported by the
nozzle fabricator for the thermocoupled plugs were not obtained from post fabrica-
tion location measurements (e.g., from x-ray photographs), the uncertainty in
thermocouple location was estimated to be : 0.02 inches.
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T7his uncertainty results in temperature differencns of approximately + 200°F.
Another source of uncertainty between the measured and predicted temperatures is
the thermocouple lag time. This lag often occurs during times of rapid tempera-
ture rise, particularly if tk:: thezrmocouple junction is not in good contact
with the rblative material. The oiher source of uncertainty is char swell

which distorts the thermocouple depths &nd makes direct comparisons difficult.
More iz said about the char swell phenomenon in Section 4.3.2.3.

Despite the minor difficulties associated with the effects of material
property uncertainties, 2~D heat conduction effects during cooldowns and inherent
systematic measurement uncertainties, the predicted thermal responses of the
thermocoupled plug at A/A* = 4.2 agreed favorably with the temyperature data.

The principal conclusion to be drawn from the comparisons between the predicted
and measured in-depth temperature histories was that the thermal response of

an ablative material subjected to any multiple pulse duty cycle is well charac-
terized by current analysis techniques.

4.3.2.2 Recession and Char Thickness Comparisons

In Table 4-).0 computed surface recession 2nd char thicxness results are
compared to average measurements from the upstream (A/A* = 4.2) thermocoupled plug

TABLE 4-10

CONPARISON OF PREGICTEY AND MPASURPED
P 5055A CARBOW CLOTN PHENOLIC THERMAL PEFPORMANCT AT A/A® = 4,2
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1. :ation of the five multiple pulse nozzles. Because the material was a carbon
cloth phenolic fabricated at a 0 degree layup angle with respect to the nozzle
centerline, char swell phenomena had to be considered. Char swell apparently

occurs because the pressure which is created during the resin depolymerization
forces the distance between the cloth tape lamina to increase in the char layer.
These forces are the most probable cause of the local delamination which occurred

at several places in the exit cone. The appearances and typical locations of these
delaminations were indicated in Figures 3-1 through 3-5. The following sketch shows
how the char layer thickness is increased. Since this phenomenon is not modeled by

- - - ¢

Surface

Layup Angle Shift

- Apparent Erosion
Decrease

-~

Virgin Material —

== Char Layer

the CMA analysis procedure, computed results and data cannot be conveniently re-
lated without a char swell correction. 1in Reference 2 an empirical relation was
defined so that the predicted thermochemical surface recession values could be

coriected for char swell. This char swell correction relation modeled the obser~
vation that the char swell was directly related to the char thickness. The char

swell was given by:

)

swell = ¥g¢Tchar
Tchar the predicted char thickness in the absence of char swell
k. - is a proportionality factor which is a function of the

a function of the material and the local layup angle

In Reference 2, the proportionality factor was found to be 0.135 for a MX 4926
carbon phenolic exit cone part with a layup angle relative to the exposed surface
of 45 degrees. The 0.135 factor has been used to successfully describe the char
svell amounts for a variety of ablative matecials and layup angles (References 2,
4, and 5). Por the FM 5055A carbon cloth phenolic material in the exit cone of
the multiple pulse nozzles, the char thicknesses were computed using the 0.135
char swell factor, and they were on the average of 14 percent lower than the
measured thicknesses. Predicted char thickness values with and without char swell
are compared to data in Table 4-10. The computed surface recession with and
without the char swell correction are also compared to measurements in this table.
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The possible reasons for the inaccuracy of the char swell correction are
that:

® The computed char thickness was low because the 2-D conduction along
the char layer during cooldowns was not accounted for.

® The data used to define the 0.135 carbon swell factor were based on
char swell thickness for layup angles (with respect to the nozzle
surface) of 45 degrees whereas the layup angle for the nozzle exit
cone being considered here is 15 degrees.

The first item above is the most significant because the char swell correlation
factor was defined in Reference 2 based upon a predicted char layer thickness.
Presumably, that baseline charring material ablation analysis was not complicated
by 2-D heat conduction effects. The correlation is, therefore, dependent upon an
accurate (no swall included) prediction of char thickness. If the 2-D conduction
effect which was hypothesized in Section 4.3.2.1 had bean taken into account in
the analysis, the predicted char thickness and hence the computed char swell would
have been larger.

The other item in the above list is a possible reason why the char swell
correlation developed in Reference 2 may not be applicable to these multiple
pulse duty cycle analyses. The major shortcoming of the correlation is that it
does not include a layup angle dependence even though swell primarily occurs in
the across-laminate direction. If such a dependence were incorporated in the
correlation, it is probable that the proportionality factor would be larger than
0.135 for the FM 5055A, 15 degree layup material.

Ak T
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Despite the difficulties in evaluating the amount of char swell, the
following conclusions about the analysis techniques and the material survivability
in multiple pulse duty cycle applications can be made: 1) Predicted surface
recessions from a design point of view are conservative, yet realistic; 2) char
penetration calculations give results which are within the measurement uncertainties.

4,3.2.,3 Density Profile Comparisons

The measured density profiles obtained from the shave and weigh and x-ray
transmission techniques were presented in Figures 3~7 and 3-11, respectively.
Also shown in Figure 3-7 are the predicted density profiles which were obtained
from the one-dimensional CMA predictions presented in Section 4.3.2.1. 1In
addition, the predicted density profile for MX 4926 thermal conductivities is
shown in Figure 3-7i.
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All the comparisons presented in Figure 3~7 between the predicted and
measured profiles show that the thicknesses of the fully charred and of the
pyrolysis zones are underpredicted. However, the predicted density profile when
the MX 4926 thermal conductivities were used in the analysis is in better
agreement with the measured profile than when the modified FM 5055A thermal
conductivities were used. This difference in the predicted profiles was expected
as the MX 4926 thermal conductivites are higher in the temperature range where
the majority of the in-depth material degradation is occurring. Even though the
uncertainties in the material thermal conductivity in the pyrolysis zone may
be the reason for the discrepency between the predicted and measured profiles,
the primary reasons are believed to be

e axial heat conduction in the char layer from the nozzle insert to
the exit cone analysis location during nozzle cooldown

e the char swell phenomenon which was evident in the surface recession
and char thickness measurements presented in the previous section

The effect of the axial heat conduction would be to increase the thickness of
the fully charred zone, and the effec* of the char swell phenomenon would be to
increase the thickness of the pyrolysis zone.

The measured densities in the fully charred and pyrolysis zones using the

x~ray transmission technique are in poor agreement with those obtained using the
shave and weigh technique. Foir example, the fully charred densities from
Figure 3-11 is approximately 32 lbs/ft® (* 0.5 gr/cm’) as compared to approximately
70 1bs/ft’ for those presented in Figure 3-7. However, the measured distance
from the surface to the virgin material is the same using both techniques (0.45
inches from Figuire 3-7j compared to 0.47 inches (12mm} from Figure 3-11).
As explained in Section 3.2, the porosity of the sample in the fully churred and
pyrolysis zones is the primary reason for the discrepancy in the measured densi-~
ties. Future testing using the x-ray transmission technique should try to mini-
mize the effect of the material porosity by using thicker samples.
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SECTION 5
CONCLUSIONS AND RECOMMENDATIONS

The principal objectives of the study reported here were as follows:

Obtain and report ablative response data for materials used in
multiple pulse duty cycle rocket nozzles

Verify the ability of current analysis techniques tc predict the
response of ablative materials in multiple pulse duty cycle
applications

Both of these objectives were satisfied. Specific conclusions formed in the
course of the program are as follows:

The PhLilco-Ford TMSO-EM test facility successfully simulated the
ANB-3066 propellant within a few percent, although flow field non-
uniformities appeared to contribute to asymmetrical nozzle ablation.

During each firing pulse, chamber pressure data, throat insert
backwall temperature data, and thermocoupled plug temperaturc
data were obtained.

Net surface recessions, char thickresses, density profiles, ang
X-ray transmission data were obtained f.om post-fire measurerents
of each of the five nozzles.

Throat package backwall temperatures were accurately computed using
a two~dimensional thermal analysis procedure (ARGEXIBL, ACE, and
ASTHMA computer codes).

One-dimensional thermal analysis procedure (CMA code) was shown to
be inaceguate for evaluating in-depth temperaturcs of the PG coatcd
throat insert, although predicted surfac: temperature and recession
rate agreed favorably with iwo-dimensional results.

PG coating recession rate was substantially underpredicted by the
kinetically controlled surface response model decveleped under rir
Force Contract F04611-69-C-0031; the underprediction is ottributed
to the imability of the boundary layer analysis procedure (ARGEILL)

to predict the severe hecating at the point of boundary layer reattach-
ment on the throat insert,
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One-dimensional (CMA code) in-depth temperature predictions for the
FM 5055A carbon phenolic material at an exit cone area ratio of 4.2
were in general agreement with the thermocoupled plug data,

Significant heat conduction from the graphite throat package along
the carbon phenolic char layer occurred between firing pulses.

Prediction of carbon phenolic recession at the exit cone area ratio
of 4.2 was confounded by the char swell phenomenon, but agreement
with data was obtained,using a semi~-empirical char swell correction
relation.

In light of the char swell phenomenon and uncertainties in measure-
ment techniques, the predicted density profiles at the 4.2 area ratio
agreed favorably with both the shave and weigh and the X~-ray trans-
mission measurements.

X-ray diffraction measurements indicated the anticipated increase in
graphite crystallization.

general conclusion to be Jdrawn from the efforts described in this

report is that current analysis procedures are suitable for the evaluation of
material response during multiple pulse duty cycles. No significantly differ-
ent thermal events, other than increased significance of two-dimensional heat

, occur during multiple pulse firings. It can be concluded that ma-

terial response phenomena are not strongly dependent on the type of duty cycle.

Specific recommendations relative to these multiple pulse duty cycle
analyses are as follows:

Post-fabrication X-ray photographs of thermocoupled plugs should be
taken to accurately define thermocouple location relative to the
exposed surface.

Utilization of the separation producing lip in the throat inlet
region should be evaluated; cold flow tests and/or boundary layer
analyses should be performed to estimate the surface boundary con-
ditions at the throat insert reattachment point.

The evaluation of in-depth temperature distributions within graphite
throat inserts, such as are necessary for thermostructural analyses,
requires the consideration of two-dimensional conduction events.

Consideration should be given to axial heat conduction at all loca-
tions in nozzles exposed to multiple pulse duty cycles.

The purely theoretical evaluation of surface recession for exit cone char-
ring ablator materials requires the development of a comprehensive char
swell analysis capability.
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APPENDIX A
MEASURED CHAMBER PRESSURE HISTORIES

The five instrumented nozzles were tested by Aeronutronic in their
solid rocket motor simulator under Air Force Contract F04611-69-C-0039, At
the conclusion of this testing, the nozzles and the reduced data were delivered
to Aerotherm for post-test analysis. The reduced data for the chamber pressure
histories which were measured during the five multiple pulse data cycle tests
are presented in this appendix in Figures A-1 through A-5. The test date is also
shown on each fiqure. In some figures (for example, Figure A-1b), two curves
are shown for the ignition transient. The solid curve represents the chamber
pressure in the O2 - H2 start motor and was reported because the pressure
port in the chamber experienced plugging as a result of ablation of the silica
phenolic liner. The dashed line represents the estimated chamber pressure
during ignition. As shown by this dashed line and by the solid line in Figure
A-la which was the measured chamber pressure (no plugging occurred), the chamber
pressure ignition transient is a smoothly varying function. The oscillations
recorded by the transducer in the start motor are a result of the transient flow
rates which are caused by closing the values to the start motor and by opening
the values in the fuel, oxygen, and nitrogen lines to the combustion chamber.
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APPENDIX B
3 MEASURFD TRANSIENT IN-DEPTH TEMPERATURE HISTORIES

As described in Section 2.2 and in Appendix A, the five thermocoupled
nozzles were tested in the Aeronutronic :olid rocket motor simulator and the
reduced data delivered to Aerotherm at the conclusion of these tests. The
measured temperatures for these tests at the locations shown in Figure 2-1 are

presented in this appendix in Figures B-1 through B-5. In these figures, the
The subscript "A" refers to temperatures

KL s T

LA Tl S )

curves are identified by T

3 subscript’

3 at the backside of the AGSR graphite and the subscript "B" refers to temperatures
3 at the backside of the ATJ graphite (refer Figure 2-1). The number subscripts

. denote the thermocoupled plug number which are correlated with the nozzle number
? using Table B-1. The number following the dash (i.e., the number one in T, _;)

refers to the thermocouple number in each plug. The number one refers to
the thermocouple nearest the inside surface of the nozzle while the number
three refers to the thermocouple farthest from the surface.

: TABLE B-1

DEFINITION OF THERMOCOUPLED PLUG
NUMBERING SYSTEM AND THEIR INITIAL LOCATION

Thermocoupled Initial Area
Nozzle No. Plug Nc. Ratio Location
E . e 2 LAt A SRR IR LTSRN Lz
: 4 5 4.29
1 1 6.66
1 5 7 4.24
- 3 6.63
4 6 709 4.26
3 706 6.57
3 7 710 4.28
1 707 6.62
3 8 711 4.29
3 708 6.63

LAl Cam e ks




S e AR e i )

bk irdaris

R

Y S,

E R .

e e e e
: . w 1 - PR

T

- b

) 1 1
i « 3
I vt
P SIS S S
. . . P
H - .
b e b s e me wieand wa
. . . }

- e

_— e aad

R R . . . . . f .

, ! S o
‘e 3 . - . . P - i i " . m

£ SR TV VR : —f -
|.3§! SR N B . [ S T : . .

3= ) { ! ﬁ — e
_Im mw S S R * .. . . wll - m-. . i . .u
D Xl 1 . . H 1
_mm-;..r- e e ety .
=5 -t i
Lo i N L T I e
- . : -
pe mw _ﬂ-ln|w - .- .lw&- -- ~ . —v . . w - - m- . '.

[ R 1 1
IL.;% T oo . I I D R I B
. H H

S zedoe et o R TRV T O S U S R I
[ OB L 0 PR SN DR I I L

: z : 2
proa Smem _ %lll.xl et ol m o ww [ SUT SO . .m
ST S R . .os . . . . . 3
-t : { :
1 Ak N R I I R R

oo &-oed

—rueepe mbne

T A L

S . . S . - I .
" : 3 _

R t b ! R
TS TP TN NV TEDUN SO IO B i NN T - L
T p— i - Pl ”// »1! .- i
DR RGN D U IO JAORD DO B DU B E R B A WO

- . 1 ; SO R
P S BIER S SO I S S S R S .
. ] : i —
. m ISR D TN JV H O A O B AN N .
: 2 u LI B . - - - - - . J
- 4§34 44 | 1 8.8 1. mt.u
VT SR “ i PORVS S - . - . \m I
e { JERR SN U (W S EEIEEE gl
H ooy pde Ty s gn o A gt e D R ny il L LNy

TN Y PRI

Pulse do. 1, hozzle Throst lisert

3}

T

Y

LA
R

SO S S

[

Goverdé -t Yord(100-c.done

Wi wh ”

fastirg Seesle 8
foox déies

f

Tiae - Socome

b v ssmmea ?

H
!
-
2
-
§
-
o
e
-
-
s
3
2
<
.M
e
"
3
) .
ted
)
H -
..MY
- £
s
0o
‘-
-mm
(es
-y
.3
123
[} -
F-J
! E
'3,
ita
-N.
-4
a
2
-
i

[




e e e o i e e rmm———ap = =+ e ——
. .”w w ! N _ i [ 3 . T T
i i i H 2 e O : ¥ ¢
. - e e . ...h“v ] H i H T ” 3 lm : S Rl B ..».# . . H ‘ ! b
. . : . i 3 _ i IS U By . I ¢
lally o s abecaa o4 amee mahy - i ! i : : w‘ 3 - -m.! T o et I 1 !
H PR ¥ . i . f
I ' feeni. .. i ] H I N H T
e i .w-.mx.?.-s_::ﬁ G i R EARE N R T 08 N RS
. .« . } p } e 1
R " -4 ” Lw. ' al P .m : . s yorf e |% v. JORE FIVPR ST SN - AW. "...'..l.
At S S U B S T . : , -1 e
U S S ..ha.-h,.y . H i v P .V;lmlxﬁz.hc.n._ I FPT I S " . . ~ . "
'L.‘» D] ! TR : 1 .
: : . 1 ' . ] .IL_V ] H : H i
- e e et e e : : 4 1 SO0 St e il B Rt AT B O !
. ot s e - - I L i S
-ep e . . : O S ¢ y B I IL. v T
e e o M g A 10 (T W I P LI
- I L m . ' “ . .o (l S : } ”.Av b
—_— »ILI_ T L S i : | B it e i s § A el R
n - . . » [} . v » . - ¥ 1 . § N { R
P % N N SR S P e Bban (U IS § % SRUDUY QI SO 4 r:.k.lni =1 . . . A
: . w . . . . . ) s - * T “ } P . a :
- - - ek - [YRTeS- P - eme bumn me : - § -1 . T H 1 podai 4o . +—1 - i
_‘ T e e e I = = B aimy na s ExRaLh R B EEREEE
R L R e st : » O > . FON I O N RENN 0 IR O
x 1 4 . R : b—- .lul..lll.l'!lwlﬁl.-:o j—— _— ”.. H H “ ¢ H ¢ t I T hres -
r . : . . - .. Edole - i 13 L I T I T O T
m' v emnen . & TR EC U o = K ; i ¥ m =g~ 11—+ m T L ,
. . . = R I 4 ] N '
- - e . R L . T i %\ I B O D 1
. - * i
. . . e | _ . T =
g4 . ) - o N = e N S8 et e B s e 4.4 4!.‘_ . ]
8 o =ME o IRV 4EEN SR EE N : L
- -89 - - . A e 71 1 e i H T - PR PR B RE0F B m._. V. P
uw E ] m o 4 I : i : ! !
R B s 1 e D) S MR S
(- e N I - R em * 1 . x s
mmm. SR A U SN et L =i e LT T
- . - . ' o nv m ~ g m T - - - T . - H .
28— -~ S O G e e e SRR o 14 ST M_/,H.Jr P il S . _ A -3
R . . . -4 ] _ : . « H m._ ] s ] Ao N o X . v ] M
Foe SN ¥ eimmed i renton e b 2 g} -l e el I Aeteied d o b oA REREaN
' . R SR ce a e T . i . W i y , t *-
i : " 3 : + .“r;! ..xw-ﬁ B e N M. JO5 3 W SO W 60 Qi -t <
- L R S I B N - QUL U PR
” “. . . ] 1 . . t . .1 s bt i 5 .W
E -1 v ; T 3 i s i = ~+
m 3 -5 R N L] 2 0 N |
b L ) & s |
. £ . R T ] 4
W. =1 ) —N |.wl:. T- -4 =4 m.w
= i el
: = H 4 TT TR +4:8
" 3| w ! 11 el
..... - ] H ] <
- T id NN i Py
i - [ 4 ...m. e (e Jl.u..o.
% Tt 1 I Tipsdi T :
e an“.. i g 44 3 i
:
o 1] 3 K}
m = -+t .M..WL 2o
1 % By i A I I S 3
. N I T D 1L

et e o ey g T b s AL Ly ® ;
‘1 VY I I T TR ) ™ Wy

e R VN WX T Oy P TS T TP Lo



o

it e m R

Mot

1
.
)
i
i
)
i
'
|
i
;
!
|
)

4
1
1
|
)
I
t
'
]

i
.

-

W ORET

.

1

L}

t

:
M Nlee Tim
M BResl Tiee!

!

¢ - - - S U - B P
3 ST | . . . . . . R

-8 .- e I SO - e e em —ma e . -
] --$ e 3 9 - Tz
1 H - mn..“.-r £ . A ;& A
3 S 51 T .M.M.” L. A B SRR

% it 2 : F I ,

: T...m.zi R wu_ “r - i F - - s R T —tse -

, 5. .. gz = V. el ) A
p L i | S QU S S

- 213 Ersae | 3 5 o
- Py —— - " b ——— we-  » o - .- -. - - - o —— lw‘ - - . |..‘ - —— “
3 FH HE i YN : . 3

M 3.5 ree e - IR T ISR .

n_ & - gi Jiis ol ek i s
x —_— e — .u. m e o S S R i 3 ]
w.m i . . v ' .lm' “ : - M .- H
w e e -~
3 s ==
w
,k.

)
'
'
i

B~-4

Tine « Sreands

VAR T
H
'

-

~ [

H &

- :

-

.

]

D .

<

“ : 2

) - -

e ) . - - r

¥ “ o

{ : . 2 3
: . : -~ -4 - - g -a
n 3 3
', = B A 1
3 ' m .wm
4 . 1] --@ e - ,“ Mm
. ¢ &
. ~ =19 == -1 - < a8

s

1.

Pulse No.

i
) Pulse vo.

rigure

e}

R

§ £

- B e -

s
H

*4h, = 92vinzedue) .

4

PUp— - i | .- JR— . mm e emed e e e e -

P L T L P R I T TR LR I T ey T P | N T T PR L o e b i R P LR LR TR S AL A AL SO




EOre it

TV SR II YRR

TR R

g o

B bR At e 2 o R e

NG

R ERACLE YL EC B M PR RIS TR L

! . R AN N VO R A R A : H
ﬁ-llu. — v ! : : . [E S . ! .Ll
: A i AU R S T
: H H . i : e e e ot
H ¥ 3 | 0
- - y o4 gt M.«. ..
e com e e . : : i ! - : |”|A g e
- e PR mx. : - 4 - “ F B & - ~
: i i 4 3 L ]
: H H H 1 H N v
RIS IR B R R SR ) 6
2 i T 1 1 T t 2
L& FE- SO DO AT RO B IR il
s 1 . j . Y N - . 11 H -
T ] H v 1 H 3
28 N 1T IO L — L - i1 e
RN F LJC I T R SR G &
g - &, .“wx....._\l Rl I -t . , LR :"z DI R .
E T paEE 100, 3 St SUSES S S, e -
- H - & : : s . 1 . oo ]
.w-. A3 P e : . [ .
: : = : : .
.M‘Mx It = i H it T x
; 8.8 | O S . - i . . ..
N B SIS S % _
S S wxu:.n. e e ; F36 same ; !
- N m\.,w||....» M..W.O\I. IR . ” L - .m:
- e o e : ; : ; + ; o=~ -
- Povm o ot § : RN
R A I S RS RSN SV S
PR : Yoo
v i ' P
R e al A b -
! -
.m . ee eare e e . - o b e d
_ ‘ . -~
L - e 4 e e - = M_l.lv .
“ - [, —— - R
i . . . . .o
mu- G ¢y kv e mmmmge o g ”A. PR oy
' H .
s i
e et e e - e e
H -
I PN Y Uy - e e

-

“

-

L]

*

2

-

-

-

- w - . § 4 a
LI SRUR SR N i) B

AR A R T NRN W e B

0 . —— - b - P . PR . -

: i i : ‘ } ! e
e s SE e S i D R e e e ]
.- H f ”.« [P TP - §- } g - d v - e
I S IO S N S .

* 1] [ 1 A »

SR T S g e BRI e R R 1
. i + ——— i " : =
- T RN H . o deq . m < -3 eed,

1. i |+|.m.l) ! : . ]

i | A I A I T DO

i -
L. 1 lulr.llm». H i
H . ! » - PICEESE TP — - «n.)
- ! Lot : - L4
. ; i3

¢ M . m . Ml W 4 M m - !
SR TIPS LR T -—— . o -

. ' i -t . B Lo

U DN LIl
REE R 3 [ : .‘_
P i ! R
R A o Y ol e EOALEAET Sh sy

H

[ .
B

g
-
iZ
a
3

’

£

Fhiico Potd Aer

™0 N Feet Section

P T AR R A N

Atute versus Time

T

Sdvatds APS-BPL  POS611.49.C-001¢

Restare Yeasla &3

April 272, 192

Toor. Dater

oty l“.‘ Open Circult Before Test

an

[

»n

L)

*

W0

1]

3200

AL

ROCE I e

12600

400

200

&

-

=

&

3
-1

&, = trmieindesy

+00
400
0

Tine - Soconds

pled Plug at aA/A « ¢.¢5

2, Tharmocoy

{Centinved}

Pulne Mo,
Tigure 8-1,

h)




Dt vy N o P X £ A it e e

Philce Ford detomutronic Diviskon

T

THEO BN Teot Section
3200
000
3 ¢ Yeaperature versus (T
N . 00 Bhvards Ars-rL  ToAsLL-u0.C.003
- Mestert Moasle ac
3 2400 Test Drter April 17, to
: ! * .~ nors: ’1-| Opmn Circuit BetoreTest
w00 .
) .
: 1%
3 2000
'.: 100
/ 2
2 10
2
3 100
I
' © 1200
1
H
] 0
! 0o
: 200
‘ ’ ‘ L T e
¢ ¢ (4 4 s 2 % 1) 3 » 40 (1) Ise 1,
4 E}H *» »0 “ (1] 2 16 " *» " :: “ :‘l:'ﬂl:.
: Tine - Soceads
1) Futee no, 3 Thermocoupled Plug et asac ¢
L Figure 3-1. (concluded; Lo PLug at A/
© M R s [t P TR 1§ {1 fetediy i T i N R i b D I BXE 5 N 0t X
[ L0 I S R L iR ey i i R L O 17 Y I N (i S AT ¥ b X i 17
T NENy O I 0 Y R :
o o , ’ AR : ok s ; N } ]
1| h
TGS !
" N &
- 1 L0 : F: 0 N O },
- N }
[ N
= - - f T
i { +F
- Mt et Sar LY PO S NN b} N TR T
1 : i }
{of f
..J.. “!‘..“M ... s “;‘. f
o i H
o] B foffo]ade B N
s H
! { " +
‘L‘ - 1 - X W SR »‘.g.....!_ . I I i ..
TTF 71 ™ = )
W R ... . Ly " N o ,l > ] _L_ ( ) -1-;‘ {
s T 1 P + *
. | . b e b T BB L]
e i L i 1 i { { H
R y R .
bl sfomfurs S o I N O N L O gl . i 4
' AR,
o - f‘ T3 i e ]
. 1 L1 L
o cil i oo RN " ‘ ’ f . ‘n N 3 B Y o o o N
} fted [ L | A dbd
N L H ; : {_ U [ b ENENES { AL 0T } I N
Ny ! [EENEN RN NS ) :
L N ] INERR N B e PO T
S D S o + who 4 k. I | ” . H H 1Y . (O
VI N PO S 1 A i T
NS ] i I HE ; v I ' '
i.. - e { | R ! !ul fr ; . : [ IR i i -’« [ 3 B .1 :
N : H H H ! ! ! : o L. H i H I i I
H L o - o . - B iy TR SR SO SR
I D O I TT T N ' Pl ) Py i1 . .
RS TR 4 ’. LIE SRR T 1 [ I } ( , - : ") s | B 3 i | i + i J
I SO : : e ] { e, i . . i { N S -
Al Pulge Mo, 1, NOZtie Throat Insert
fiqure §.2, Messured In=bepth Transient Towperatyron for tozzle ng, o
B-¢




q

p, TF T ELA

PR

TS

At

iy ete

i
i
3
i
I
:
i

W00 SB Test Sectiam

4
Bhverds AVS-BIL  $O4611:09-C-003

cagure VOIS

T

v wamn = e = - - . -——— —— - - - r T n .
deewdi s _-Li - - -4 P
! b
+ 0
- . - - .- . - . : :
M : - . - e mmamed
- : [ Poog B
i —I 4 t
T T ?
RS0 S . ;- |
. H
b —
-
—_ . . ;o :
LRS- 1 H«imnlln 4
- > - +
SRV S S SO ¢ R A.I*A S Qo
- 2
3 : t b :
tT . 3 RS pu—
i . AN S 3
1 L i
- R 3 i
R . . . S L —
\ 5 i gt
¢ .
[ 11 .- 2| - RS B
H
1
TG UUUPUVIR Y N JRN —dem PRI SRS S,
1 . R ==
Y - N
: i ' S S—
' RO SR N B N S FURP
' "1 T \ f
. s { f-- feen
- = ]
s B BERE SthE wats SRS B o .-
= : " U - P
et - . i T ¥ 1
- - . - . - P . . 1 ™~
: w - t : i Loante nsenlinteny n.r
.
- - - s e = -
]
i: ! P & aemaeemny
i - K i ; “ T |
t 8 S B o L. . |
ii . I ” P
m-m S RS S NG - . ~
1 1 - -
. T et Y
) . - ) PSR I s i ]
: : % - _ 2
. | g o n — - ™ ln-.v .l” H . - “
- - = e |l||||lJ w
H - - e L]
. S o b - :
8 g : H - =
H — - S NUCN R .. !;M
. H i : : -3
..m * H T 3
- ” . ol s i ki b e e . N Rl el MM
_m * i 1 H had s
- . 3 3 i . i -]
%] T o - . ﬂm ]
' * f o 1 E
L) ; s ! -3 e
. ? p :
lmh " ” ” w T m..a. A
~“ w!.l- T ” - l‘l“ ]
2 3
i2 m H T v N-u.
. t JRNE DU bl )
= : ; ' EH
3 + +
IEEEER M NE B R NN B
. 1 -
- N INERS
= t H
- =¥ Lot I B H H -
- 51 R N MUY O W TR
, =20 RSN
. P - o —— - PR,
o g e b e g h E R S e L o g et A S L g 2 vy g o vy sy P TR TR - 2 ean stk et




v N T v T T 1
- - . . . : . . B - m
TTETTTE T E T
2 .o R ;
SQe e eyt et @rmae g o
3 - f .. A AY . L
. i e — 1R - o
ﬂ . 0L R ) ARSI D [ B W :
w ] IR e ol TR
. . - 1 . . s
b S S .
w 2 = 1 . -
" " - m . 1 PO T
| T e
3 H 2z
A a m s 2 s - .!IHQ
) “ - . [ S . .
i g8 i
m.m. Blgcd HED (I
ﬁ\ - - m . :Lr II‘Q'A.
i H 1:¢ T -
- 23 i { ﬂ
m, &= L TS,
o8 .I..l-r.-._ poog .
] ..l.m . H t i 1
) ] DR U DU Ry Rrox IO DO 1 T
. 1 1 Rl B
m - - - + — gl de
. [ SUR SO R T .v* i H N . O S '
T SR S { I 7 S . H : N . m :
m RSN T R P N ) A S T SS ulm..,..
1 |— . [} ¥ '.l.\Olle—I' N . - “llc{
. ooyl [ 1 HE
R i SRRV AR i .. @®
, b | K | m L. : )
‘ . -4 B reeam i - oh el el St SRl dlE ¥ SECEEE, @
, - _ . : m . : . L o . : . M
R U P B N R T
! i i ' : i . . -
,.. . < .!.._ i : B et st SRR S z — - s
S SO ol T : S SO T DI
] Y ! i b A i “t HE feom N H 'k
i
3 i T t e e -1 2
[ H i -
H s
(3 b 4 T M
m : Ngp i
. 3 F A S T §
s ! T
3 e N
| | bl
, ¥
: m 1t H
3 . | %
i ~ * 4/ =8
# . - - -1
- 2 2 - . 2.
+ t "
) .m R £ L . _l. w --]8a
N & ¥ ; F34
o R I -4 « 4 3
.mw 5 + - ! demee] T
. o
; g 8§ § ¢%8 38 8 8 8 % % %8 838 ¢ % & I Ty 24 -
: ] 2 & 2 3 & & 2 2 = 2 i M S ! i
4 ‘2, - sznivIodmy i T | . -
3 i :
i L LT
' N B I SIS
s
i
g
;
M
m
- wia T S e " I RTIAD T T LA L T VR A PO T TP L “‘ o oo 6 bk b i 0 Y e o ol ) ot o L B g Al et A itk it




~

Ca

e

Thiteo porg Sgeomtonte biygyra .
{113 ,Nll.ﬂ

T8O 2 1

. t
oo ' !
, tagutu! vgug Tine
R Sdvards AFB.ap, muhu-c.un '
Matast Jegqrs L] . ’
LTI TN At 2, g9y !
: f
)
Trt
.
.
&
$
5
H
o}
. - -.1
& 7o SN ~B >
. <.
. C
. Ty
40 »
L e - - S 'Y j
0 . . ;
:
R Y, VUL R RSB SRS s e !
-
Tt « Seconds : ' T I
B Pulee yo, 5, Tremocauples prug , AAY o g6y T : ) ) *
figure y.2, (Concludea)
f o= = L — . - PR e ""’“'—_',"' T g ":""”T'"""""""“‘“T
i . ‘ » v ‘ Phifce Porg Mromcionie Mriosey ,
o e L, . P .a.......m'ﬂ"ﬂ!mw..... e, .i
T
. . H . . ’ !
., . « . .. E . . LY T
. P -, .
M&- yoraus Tine | . . . § ¢ N {
R Rbvarsy agp gy Poholloascupgy e L] SR |
Restare gonygy 44 . . !
. Tonz mgy, Bl 22, 199 . . c ., . DR . LR
. . t
. . . . ©
s
A . . ,
-
H e B Gy r
. ~—x -0 '
<
. !..m . « . N
!
. “1otw .
e, . !
%w*m"‘“-a A
& - OO~
. o . [ 3 . . LY . !
&
. . H
B * 400 . . . . . .
0 . » . .
.
. , H
00 . o, .
8 .
an -~ L '

Tine . Socangy

A pyige No. 1, Ho2a)e “heoat thsaee
Fiuure 8-, Meanyrey Xn-bppm Tranatont 1»"“('"'! o1 “o121e Ho. ¢




¢
N
M
A
r
v
'
i .
o Eofey 211 ¢ ¥ T 1 =] - 3 T ¥ I H 1 7 T T
; PeI 5 =103 s i B s - : —— . [ ST SENTI U YO R SO B T YT e e * < g e-p S S D R N R o .
; TEAEi i ] T ] Sl Lk I * b HE P RS [ I . - i L
) e e H ¢ + + N ¥ (e =
el i : .53 4 , i =
= i B AN PR I I T SOOI E | [ S0 VR AU U O AR N MY UV N O SO A Rt I
a3 F = H ES B 1 - ‘ad ' . 1 . -
, 2 I W D I I R B 4 I I I O 3 o ; ¥ 7
L S P Tl S 5 W 1 O B N ¥ £ 1 i AT T T
) iEof- 'SR E § ’ . . : H . N . . N - » - W;M
= R ] N 3% R i - i N
! § i S LI DTS S i - - L. PN S QU LY JUFYNN DU S M U FRVORS SR S Y R .-
=i T - [ i
k I I . . < L 4
r R RN L N I L A I T NP DO R N N NN U Aol PO A TN AR S RPN NS A RO B !
—t—t =g —r $ Y + H : T
3 z i : T i B M i 3 . . . " ; - : < 3! | M_
I I L O R S I S I I .l O 3.1 LR UG IS OO B M ifemdd b LD 3
Slelde, : . . . ¥1- : i i s S - i R -
BRESE m. ¥ § NEEERENDE RN [ : : P t
e : + : ; T T H
i - -1-p i n ' i 1 ! ! : ' i i . R g I U e A I : s
RS Il ' 1 i ¢ H R 3 . : N . i N B . N " 3
- = = T s . i N H
= | BEER ‘ | H | i [ I hd INE z T S Ao 5 p I = H i o b
L G = P N - i : . T 3 1 H i s N V N H B 3 * s 1 3 .
3 £ RN ESRERE [0 L A ! i FINN NI (OO RSN O RN U SO MU BN NN TN YT NSO B S P
= - ) B T T 1 1 H
ts-F - T . 3 L} . K - « M } i ' ¢ ! 11 . : w - x
] £ vl 558 PN - * P R e =11 o S A I I i T L8 K
» et X - 2 - - v L - - n % 3. w - P et .mll.“ll ——— lﬁ'.ln.l -
b N NN B -§-3-F - - i . i N - i ] i ' : N : . : 3 : 1
b — v bl
: .A, S E i Y 1 I BT L U NI ST S SN O O N N L N
! EZN o B 1 IRER § i H N G ] . . s K N . i i y
- b F- -4 L4 1011 EREE 1~ 1 § HE AN EEEEEE RN NN
3 it 11 LR = 1 N B ' | f ' ] : i : . i H 4
4 ESEo]-f- 1 0 Foy B | s . : i ! v i : i : : :
1 — i K
.cl%ﬂ =% - ~12¢ H X X s i v : 1 H ” N
e 1 7 T T I R LD :
e I ; -t s - ;
- uEg N \ » T H H : 2 N H Y
= ~ =y - F H M v M M . 3
ESEREES ri.*hu i 3 i 4 O NV BNERN NS INCH NP SO MR BNERE NS O L B m h
R - 1.4 - 1 m : i i ¢ i ! : ! i ! ala N
i - gt — + . + T T T T : T * [} L
= o 3 s M H 2 3 13T —t -~ 3 JUSY SO JUEIPR S 3 . : : H - o f
: +ABEENE BN H I FE DR IR F it 1 : LR R Y T I I : ml :
AL = Y H t : - £ : :
. - : N : 3 i : H 3 : . FIER S R | | TIE) SRS I : N -
- . . + H 1 S W t } * N y : ? i T V . T 1
: - . - : yemd et :.LI.T * : N : ; :
) <2 i — } - L i “ m ! . = I R - B LR SEEE SRR chae R b —-t -} -1~ -
v b4 . i L t 1 1 [ i 4 : i - i e
. % - i |0 I D I I S A A B I PR S O SR SN DA N P ,
E 2 T T t i T i H H " - T k
g z z : : : ) : : 3 : - . i !
3 T N REEERN : I FU NN DU SOV SRR JO-U SV ISR A T
,, ERNSHEONEL o " ! ) U g i - : ‘
4 31 41-1-f 3t O B H i T R i = : 4
- . + ! . 3 I : ! : . e et Ik B EE e PR s :
i N SR 1 : i L ) i - . - + . i s i
ve 1s " A - ] N T ” i 4 i . H ' . :
g 5 aw foemdem § wda - b4
: IR : b 4 [ L 3 I G R : H ;
- - : € ' : v £
N SR EEREE : : i S SN U N D N i E.
: = 1= . T bl Bl e g —: °
£ 4.1, 1. R T . ¢ t » H
: . 2 RE J ; K : . : 4 =2 5
) [ N = z h 1 ! T H T ¥ v 4 v 1 | = TE 3
Ny, i - 4 : — m ” ; + ! b - e - 4 —e—{~ . [ - - 1-.VAM| o
3 = : B . .k . . . ; m
s =4 - - - T - 1 . v Y : .o ;
o ‘ - B H i : . i S L j SUFURS B PN SUVRN SN TN S S -~
=28 oy Bl =3 - N . H 1 . - ¢
2 : 1% S i : f 2 + - - . . -
i oSl iss N . ! : i [ : N .
3 =~ 1T g H + . H T Rt andll B Sae AT o :
3 z i i B 2 - 3 + : -
F EOaSNNEE i ¢ 1 & A I DT R D 11 O T N A RS N
Y £ = R R 11 3 ¥ - H 1 i s T ¥ I | . N
; o ; = H H !
J % 3 H T [] 3 . H . H . H
, TR & ! - H T i i
2 FETREY W AN WS B S AN N
2 i ' M 3 i i i BN BB X 1
4 3= ! il b sham 1 . REEREEEN N
i e : i N i . v ] [ 14 Y :
AdERNE : | I N N AN M T N O i fobiieq .ri,..;[H_
= = T H ] i .
i N . . . i ‘ 4 .
b KMo S i Lt o Pt 2 et D) a2 DRI RN s i Lpih ity N e e




a

e Sl LD Sl s A

R R

S e

DR

-

:
_w_,

4

L i

L AR e

Philce Ford dsresutemic Divisien.

TG B4 Teat Segtism

Sévards APS-BIt.  PHA11-49.C-08)9

Rbotarr Pessld 88 °

Toet Dotes Agril 27, 197)

R N
' ' v
J O
N T v
RN
- w - .MM.
H . ;] B
i
- ey e
—sms e e

et e g

ey

17000

'S

I TLYIN

: 8

- esnaviedmay

Lag bt gl 2

- e hmie—t m————

Fulso vo. 1, Thermocoupied Plug At A/A% = 406

4)

T

1
i
s
'

= URE—

L ek SRR

;
.!.3

T

.. glee Ppas Myemurpals Bivistep
v oo en D0 Rees Spevien

L St Lttt
]

!

i
oL
P
i H
R
e
!
poe

frome y—— e

PRI

i

PO S

b s

eaias s aly

fhetart: thussie 60 -

Lo o

P - e

]
PPN S

b et ]

apets 99, 49M - -~

PPy S

P

Tiee « Jevanle

Padaw Y. e, Therre cupled Bher at AN v 40

Cratinaey

Figurt B3

B-11




2 373

o

ST

1y

e P

o
-
wo

Sy
% S
3

T, N
trenie Bieigg

Sactton

i

P01 65.c, 0000

y iz
Sestart Moeste 4c
Yoot pare dortt 11, 1o

£ e

hideo Pard foe
N0 & 1oy

»

wm

Bbvocds apy.por

Lewroatery ;

i

Uo
T ~ Soronds

i1e

ﬂunoewplu Plug st A/ o 4.2¢

Pulse No, 3,

|

Klk = teuy -

ol
i

‘-..r--b-

i
ERL S B

Plug ot a/pe

!

e
.

i, Thermocoupleg

(Cont tnued)

Pulve Mo,
Pigure »-),

4

(9l ]
~t




1
m o 2 i I et o 1 s B R 0 RIS B A e T N
. 5 , e O DN T Y ..erlh...rw.. St mmt‘m . mw .. _ . el ni o . — m
) — i SRk S SR SR S ) N T N ' . - . X
: : ; . B B L2 N DO 1 I -
M i e T BT SN
i e b m A . . ]
- P : A HIBSANE RN i e sl
T M R N - H U JURE P S 4 . H ) ¥ - 4 :
- N LT EEEE R ' LR .M.Y M
. N . . . Rt . [ PR S
-3l - - a0 | N § O e 3 et i L i
|mf..-« H ¥ [<® 1 rdnx? SHEE HE ) L wlsw... mv m
I s i i , ; Al ,
m : LR O A : Rn Tt ANW\ I L -
S . s ppenwy S B ESAN OISR Co
i e . e T TE T
ok A meus il B o RPN SR I T : i : .. 2
1 i * Ll 103 L
; Ll R i i i B Al 1 . 2 Sraa S e I
: : [UUR : . 4 43 - : ; H N “n.l 2. . . .
.r.l.l. | U 3 . - . . t . K 9 w . _ “ ; 7l.. :
“ A IS ERETE NS
5 - M, : _m |“|l. X —I‘ m* s J” “ m - : : i t.hww. o —
. i ,/ : i1 - m Bl Lli i, b SRR S5 )
: AUl L ] - sdgi ! % RN 1 UERAPU I S
[N . 1 . ‘s i35 —— : : N : i
m _ ; _ - '-l'ﬂ‘.ln.l . w “ ” m m ﬂ lw ) ” : .I.lh --e &
Am [} 1 i Mr. i i w : L - : llun..:'" B JR ..IMw R . 1=
.. - N r o b H N [ . . . . N
’ | * 22 - R . 3 ‘ { P
; 7 : N : 1 4 .. - .
3 = R ol R ITRE I - T P P. = i3
: B N b R : LI S VU SV
: i o . M . I P : e il == 1<
n - - m w w : : : m M u . : .m- . . ‘l__~
2 - - - . e e ] X ) : '
o - - i . ¢ - e . PRp—_
T 2 S g g :
._ . anunn DN I SRA I 06 6 DR
O R I B O ; et ; ‘ Bl
ik T A : ft g ; 1 : SR g
g ...Wx T N TS T A B " 1 . - :
3 H . . - R : 3 R . : — [ ia
w SRS R M —i8- : m : . . : m 4 I
,,, HEINNNE [ _ P oETTTT B 13
2 i i . . f . v A Y- - R i
h Bk k8 : : U - INEEEEREE $-¢ ¢ 8¢
; i 43 3384+ 3-3-§-¢ - e ; = T '
! i \ -1 H . . \ e
g L -4 11 . - 3 : E ! Lt . . +
m T 4 : R B B Ee I L4 e
W : : JUVREN A AT TRDR IV SR SR SN S S ; H £ R . : : :
ﬂ. A TR I I : i : :

: gt gt e b "
P S oy e
- Lyt e L e LR s
" y) PRI LT T PR AT DL e W AR L W N Ut e € T b Lk il
el howus 4 sy /S L g ., FIFITTELALY




. . - - —- IS e v o —an -Z .l.! .‘. .!
.. [ | . . . 3
‘ M H i v :
Nl o L TN RN -e &
. [ o S - m * : i z3
- ﬁ ® - .- W P el S SR - e .
. — . -
1 $ ] e TR SR S .- 32
F - 4 <4 . S ST g s e e ..
m . .w 3 1 N
3 K] 3 < 1s - 1 VRS SRS S SV S PO 33
: H - AN R A
i t 9 e e R
8 L 25 DR L B
3 3 } !
3 A é¢-- ¢ I N IR sy -
i< . 3 - H :
3 3 ¢ - . 3 L A —— .
" '- = M" ] '
5 ] r e » M.-x N T
.uw s & . “ s

-
1._

i
o
.
n
»
H
b

|

ey T e AR T
‘
&

1
2 . T [ R -
3 . T =7 =e -
3 ! sl 1.t k I
: : i . S ST Iy s
i B L A eii A
m M M - ——vcp o ead lﬂlu.l ——y . m
mmm l.a.?; M.T.L. o e 22 §
s . N ! . H
M il - e
..nJ\-m-- e e s >3 _
S N N S :
’ -} iov. .

b ol
i -

T T

Weasuiad In-Dopth Transient

i .m.
$ $
& &
o -
4 oy ¢
. £ s iw..!.f o . &
LY ot H P -t . i .
= e« eemeqemmee s e b e X 3
H 1 .3
H 1 H I “m
- - . L. - - s = - . - ia
. . ' . i
] T i -t - e -t - 2.
. ' P |
- [ N H . g
2 130
? e 4+ oy -t - — e 12
. . H . 1l 2
< e o 1y
L] b st .
L . _
t p 331 ¥ EEOEOEOGYEOEOROC N L I | A
2 3 2 -y .22 2. 9 .
ot - sanresetmag b
! .
i -l PUTEE - — - . e e o
! i - . . B S o
- B ek - e d U TS S - -
R R T R T T L L T T L O P I U L W oF P T R TR D o N L P T L TONR L A P VLT O \ L od e g ) L o e g e e L e ey L L




TERFETT TR TG R T Y

2 a1

AR

S

= i g e

TR TR

R

riots
-
1
|
i

. '

'

L ..
H
i

o U

o .y
H

RIS SU
v

sotome

—.Adoande ATS-00L JOMLAO94C-00IY .
P Ty TTINR Y W 151

L R I I B T e
i '
. . : . . . '
S OO AU S
I S
:
- s . J R . R |
' oo [
. . : H ' . H i
e N S R
: 1o :
. H . - . i .
. s
. T T T
)
1. . . s
i
R R I
I T
i . . . .
boam o ae cmms amm cec e e
. i :
: b
G U S U
; g
. ' H '
L
bo. P T S
' :
L. . R 4 .
N
.. [ PO
:
L )
. ' . . .
ca e o ew . e e
:
. B

g e e e

R s Tt

RTINS bET S S
F-SRE 3 I I
& 3

k1

N . RE
I T : D
LA SR S SR IV NP S
¥ H H ] i
: . . . H b . ol
.. ey eme e g e s xiJ,!:L_,s 1 - rTn 4
Sy ¢t . -
£ S b AR IO S s S S s
I i
&SNS S SO OO N NS § 4+
.-y . b B

L

P T

H

I
!

S O

[ Y

:
t
’

i

.2

»

IO S D G B B B B N O |

- [ <

i A ™ X T TV 97 X PTRICIIN )

Y

1
;B

i
i

[ EREE

»
——d
i

?

SRy g .

pASRUR——
i

" .j.....

deconbe me
)
Y

-
i

.8

(Continued)

—_— e -

it

Pulse No. 1, Therrocoupled Pluj at A/A® » §

¢)

s £ 0

Figure 8-4.

T

Fromt®nic Mvf

Rerd A
TG BN Test foction

Phitoe

Y AT R LT TSN TNV R Y PRT LTI - 3}

Tige

Yarou!
SAeres APB-BPL  P04A11.99.C.00)Y

Restart Soeste X

Tett Date:

ate

L A TRIN]

Lt » Bules Tine

n

"

t

5,

Real 31me

(L3

110

1

1

11 12

1

Tine o Sesnnds

Fuiee %0, ), Nottle Threat insort

<)

"

B-15




A S e

e

SSEUNNT PR T WL PRAERTLLNY

S

W TP RTRSGATS

~

A e T AR ag T T el

&

A ¥ e

o
g

ﬂ_l o w”.MW.WM_W.LMnmm.....Umw.,
B N . il I e gL *L R S S A .
spt nwwn .w._.m"m..—.M".._ .T..m.”m...
= + s R R L R [ e B B T el s [OOSR uﬂa. -
| ) B I N m * b P A A | P i 3 ﬂ !
s H .. P s S P o aaue ae (YR SURRNE S U, -——
I AR U N Y N A R A S D A e A
- - T S O O P S A «..IT»..".I.“:.;; Py
i - wotl_. - i .lm.é T X 71” |.“' . ..l.!ms-m [P S .“-Mi T i R : -
! — L F LEV L I . .
H = mmh e L Bl Vgl .-.AY.T-..FL!J.!x--.iL
t T i sl ,“. oo e N R ..m..g
5 . ; B e Dhr DIt (PP NP, SN B S D D0 S oL A S D
J%M : it d um mu,.n..*“.,~ i m.._.".w...*.d...
1 L S . 3! SRR £ SN R ALY NN E ¥ RN S N SN
mﬂ ; N | SR M AT TR I U I B ]
: i NI S G Mrwn.n».lri—i' R L SR A ST - SIERRNE ARPP IR
! .t . ' 13-, HE. f . ' : : . : V- R R
i : T .._,m . SUY SSSIEANRD U SRS I
. H : : o i~ —mc" - , i ‘ H N f H L .-
AR LA RRE - R R e SR e
T i ' : I . m -y m 1 i - i HER B : . ”n . g d
. o B N Sl B met Bk et R e R :
FN SO RPN NI OO N I : (. foa N TR B o oy - P
N I 0 OO O A I N I S S I SRS | SO O -1 AR SN S S Y B
Cl IO R NN
1 : i : : fe—t- 1 - —— T .- - L P - _ O
I WL”{ T . * X "ll.w.._. 2K er
: : : [—e—: e aede . b e 3eeed i I £ L ]
N " \ : P T . @
ol Y : i) i P N IS | UL N S I SR |
N T ' i | [ M
N ot | cbe - - I N T T N
R i e RRRE e et o S A GRS S 1o L
u N IO NS 7o PO : A I . R oy S T Eaed £
e Do AN R R R SR e :
i 7 - . N I h @ . . :
T = R e T L. D A ) AL B
; h f 3 ' N B T A e §
!" - m 2R ikt ReRhr H ' H H H HE H lm. nl i - t - *
AN g 1T T TR T
N ESUE RN BN I, W H N S SR ST SN S PSRN ) TETUTT SIS NP RIS S
bt ENL M . “ \~ . |- I m A R T.“ c4 - MI
NG PoLEd N T
— - & C — Vel - . At m . Y 3 . . .- m"
i o ORI BN —{-- R irld. .§
, ! “ . ! bohog RN . : _r C e N I ot
N i ———— RGN T G
Ty T “ R N R T Bl B St ot IR 09 W S 3e
N P A R e e : LTy T o
T T n - ' ¢ . _ N H 1 A‘( P-4
i \ } . [ ! : s & —f
L . - 3 .
W i 3 TR U % B B 5% 5% 50 I O O BN DN N 2N IR AN
3 |- by ' . R N .
: R boae O SR S S B S T, P
: : = e = + : : o : * e
....... S D S N A ] —— - [ . : - !
[l £ Ay R e s By b L o s Ll o Ly Loy T LT T L e e s s s e M i e N b L il i L e e




ST R AR

“EEFS,

-

R

N BTSN

!

3

TR S

RS L ot metaost oo

>

Reircsptt sl

e e e e IJNI..I.IuJ_i - e e a e aeme .u:----
; ! oy : . .
. ST PO N AP S TP S - |
. . ¢ i i i . | _ : it : . . ) ) ’ .Mm o
SSURES S (U SO TR SR S ; -y . Lo 3z ;
N _ * ! ] _ ; m ! X H « e e . m m .
. eeia [P RPURE VL S H H .
3 .- IM '.0—..-1. - g - . m - ” . “ . ~ .
SRR NRE | . ...
SR S B T T A s 3 H i H '
N | B A . i | ' o P ’ '
P SV SO SR O [ - w Sl H i
R RnEt St RS SRR R EIRNY SRR L
N R H . « ‘ - - '
5 ST S S SN FUG S SV OV F O SR S ‘2
R A I DS SR R
- R L SIS Hv. - . . B “M.. . .
i R g1 : dr. BRI
‘ P } X
$ IR ICE T A . 9 -- “mm .3 X
3 Lol : 4 1 : ‘38 { i
- P R A s - O PR - = i
»m " L . 4 P "y . _ .Mﬂ . mnm“ 2 28 .1
3. SIS - R U S i s : ,
N W. m M m . . . w .ﬁ~ - ¢ 1
0 ) . . . . » - )
. - ~ 1 . s - ’
MR R l heii
AR L 20s R SR iii o
. . i ...cnmhp.“i.wn.w. . . - } ! ..MMM
. e §g. ! . . M I ) =&
| I . mmu At e 1 ! _ i
“m\_w : - X ! ¥ . - “
. T S 5
iz L. ) s 3 :
. P .. 24 v,
. v e S . . m
i . . . 5 i ) ) ) )
. e -..-i” . . PT I S » . . w . '
R . ] =
. SR o K
H r - .W .- [ S, M . . e . m . . . _o.
ce b T N T < *4 <
e tere s ba L - - s : M
U . i ” . S '3
SR P S PR | : = :
$ » -lﬂnlll- - . .~ . - 3 - . L <
.," 4 ' ¥ ' 3 H .ﬂ i . . . £ 3 2 =s 3
o . ‘. ll.n.. r..wl. _Il.w —d « R ' ’ ' H . .. ,ﬂ
R b o S S B A AU .. . B
R T I T R m I ‘ g ‘2
DT O S SO TR WU SHOD SRS S S .1t {3
P b A N O T T $ : nlal J-
[ - HI...»....T S e et I wt.L.l.yw... PR { “ R T - ‘n“ . . . . &
R N TEEne i
. et el e S N Rt ol PUUR S . '3
. P | - . m ! w M. H . ) . ' m . M B s X ..w‘.
- c ...m - .li.ry i ..I.mil w. “uer 4l P T v - M . . . H.ml
! i ; S I I m m ok
i - . P ) P
. 0 - . . ” i
BEDNEEEENENNNNEERDNE N Cr
T T A A Attt A : T
i R [ S s Ht 3o b } RN UV N S S w
‘ n e R e . : e e e e e e e
: . L i N H H i i N N H ' A g
DU TN Ly 7Py S ot £ o st B D g e L st
£l gk e Al e ) b SRR O I X I PPNy s L " W

™~

qQ




Gighaan |

3 3
! ?
g :
3
:3
. : ] . H v T i I : i ' T Y T v T H
. B BEE 2 1 B e R s S MR A
3 H 1 1 et ¢ . 1 H 3 .
] BN R .3 - ] S < - SR R B S L.
! LI A ! mw" i : I |
2 T T H T et o - - R . H k! *
A -4 S s i t H i . " —f- -3 - w....a- - i EEEERE SN SRR
3 j— : g- —— : : i g +
3 . . . = H : - i ! CI I U SRS . “ ! i : hd i
1 T HE : : ; i : " : g e R
, R . . LT i
' : X i H
1 H i - H . -t : —f-d P JOU — o8 i i i Rt
2 TR Ty NN L1 : :
. o 1 " i g i1 A HI N SN NP B £ 3 # I ol ot vt Tt M el
{ O R ol T i ; I N L
1 H -
- $: : :
S i ; P e Ao T
3 : — o : > . -
. 1 bl | : i : H : b)Y b
e =! M- H ! ! i - ? : 3 o i
i X= f. I T i T : s v . T x
] I B M N U A PO S o TR A I ) et
/ D DO S r A M N F N I
..lli.‘.l.n -~ - H i i s m s 1 * : t
4 3 r = N T T T " " —iw
3 . | . i 1 . ! i .
3 AT BN DR an g1 R B 1 i
. i i 3 i t 3 . . H H H -
. I~ N i H H H = T
—— bes pae 8- m B . T - vu : : = -
K, i H 3 T : T .
3 iRk R .m i i ﬁ T £ ©
3 L i 2 ~
: R P E K EEEN 1 H: 5
i g It . 1§ &
. [P S - . 4 3 .
' X } “ 3] i ER 2
o H + H H
S . _ :
*g i ie : *E — | 2
’.nn‘uJ,‘ -llIL"” .“ 3 b M i - W.
e e [ IR S| k]
b i et S “ - =
; HE = 1 f e
e gy B . i
. k- e -
I U - ; g2
2 1 - < I e
H ® S ]
A ! ' o 1 I oa
“ - - ST nur . hm
! s
3 e e o w..!l. MM ” T
4 . : i =3
s -t ' PR - e—f &
o . —ﬁm -1 i i : Z3
- . eme— o -
D ] T 1 ! ]
’ ! 1 "~ t + -2
‘ 4 I : : 7
R X w i,
¢ 1 ' [ S 106 S R0 S0 N WO A NN SR U U S N S N W SN SN NP SV SR . S U WY SEDE SR <7
g ' { A_l 3 =
L e 138 - 5.
B \ 2 g - - 4 - A_lm
' - -1 b iRz
$ § ° 2 % s i bid ;i T
LD I I R WK :
! X i 1 + 4 T .
. P : : } w , m | .w. L PR SN SRS T SUPIN [N N L
e e ebea 4 i : . :
B i i § . ! . N ! t j
w : i -1 i L SN RIS SUD GRS S NN NS SIS IS0 FHUURN SR SV |
U MUV S SA i ! ! i —_ 2 L
.
. a0 L e e pe rt G G > i Bt et e TR e U e e v B e o Mg s L JETRPIA oot e a PTT 2 SO AN 1) TR i g T oy T e T SR P R “ota Y ,...E,




0 AR IR BN e PR ATATT T

e RSV L ETIM

R I Tt S i Eo iU A A

e T TR e TN W ety U A g PORTIG TATE S T s

i

57 TA

ARG )

T H T T T T 3 T ¥ T T T H T - hab - -
t M ¥ *
R B I B A T [ " ww i i Yoo .
; 5 i i ¢ i 4 | 1 ' N‘w i H 1 ' I
H - —— 3 + + $ N e : B - O - . - - e e e e e
H § 1 . . . s s . i T } 1 H i - s E
. .} H . . d B ” - H $ 3 u -4 w“ . H . M ] b DI . -
5 N : i . H : . - -
— : ! ! : ES- - U SO IS P S L T s -
1 ! i i H . P . H : ! N ! == i 4 ; : i . . :
} ! i . . H ¢ | i M ' H : H ‘ . H
i . : : : H IS0 SN NN SEPUNSURURN SR SRS S EH S S AP SV NP SUUrL Py ) - e - . . -t
i : W ‘ 1 " i e . ' S -
oot P 1 by : ooy i ; i A
; : " : - t + i e vItu;wy»\lﬁ.v‘l..Q e for e e . - - . - . N - “
! - s . .- . H H ] . i 15 M : y v e .
| ' ' . i i 1] 1 R - * L -
[E X i A . 1 i i H TF Z T T T D ‘S ° ) - ° S R
BRI S SR B S i : L A T .
>, 4 : : H —pae 4 P 3 . £
Et T : : T - - - s .
U S R S S S & .
te g i i i ' g R . H .
' E 19 i I . i i . ] 2ol 1 ! z
i : : 4 : - R Tk . . . -5 - .
£35S O I L : 5 !
' ; : i -_ T N i
- R VRS S -
= bl y i v i Y _m.h H .
Tad e H . . we ! . . . .
128 . B . . B _oﬁ y i
lm -+ P .UMvul.l.n-vl e cereme 4 = S - - - - & .-
: . =
-IWI T H . - “ - . w" - H 4 ” .
o3 - JRPUDRII SRR, NN e eopmimye e § e e [rm e e e e e o . ‘- .
"I . . i . . . . + . . " ' . 1 .
i ! . . . . s . [ . . | : -
7 m T lt-l\l. e e = A ———— ml‘.ﬂv‘lnr'l m‘ll - ol e Rtadd - - - -
S . A P . . H H 3 i : . :
——— : 9 H : ' H t : :
L. L . . oL : N : { R T ’
: LI : : : i - R . . -
-— i i -+ - R B R e e meeme el g ie e f e — D s sl Bl . - - Sau sl X
; X EE F : ; : 3 ; . ro i i 5 H ' =& %
N .. . . . - s . H : . H .l
GRS | NI L S R N e ! Gt *
i HE ! E YT 1 i i - Tt
3 z B ' ! [ N t i . } 1 i i 3z ©
+ o t =13 e - L
——— e - W.nb{m..!"\hla..l e LR = P B u....w o b T S - . - . P
L . . E . s - z -
: EER R i 1! : H N
AR IR - e e v = ame e} eainmy BBk T e e e e saBpeage - S e - . - ..
H Y A
. - . t HE S.. 4
- - - 4.4 s ! ! =2 : s
o e e e e A np e — e - e - FIA e m cmmem wma e -} = H:. . P ll.m.erMAM. T a . B . « - . - . . - & f
. . ' . : . w13 oe . .
———— - —— a8 n b+ At 2 @ - n A A b ea & & -8 R - I e I e SRR B —‘..!A. e !.«—.N.JMA-.T:... P Y < - - .
. F . . . H . . . . . .
- g e e & 4A.:|'l vq.vlt’lb-lllllllll e T L e I e rlAr —— e = e o m——— .'lll “A Avlm —— e e I«lu’\tl e e A n-nl«t B N - . - . - - . - e = - -lhl.
. 3 . . . .- . ' 1 i . . .
t JUPY N — PR S ST TSR S H | NSRRI St H
¢ . , € : : 13 R ant T L P . z
¢ . H . . H : . . . . : :
' v i ' -] 1 : i . -
r !...H.Ils et |.!x|r|riw nllun!ll.‘- P - R R I } P . . —ase - 3 “ - ._ R T R Lt T B3 - - - - .
t - ' B ' . . .3 1 . 4 f ‘
[URNIIIY T, ] : e s - e . RSy S .- g a : -
] : ; i r : . S | ! ! [ Ty T T .-ﬂ. i A t ) Tt ° -
H : . . 1 H . . : i o .. ' ! . . :
| . ‘ > : ' “ ! : | =
* - —— - .~ . - AV. - . - . - - - . - ~ e emce w— a s .IA.V|'|»M - e lnﬂ -—— - . -— . { - - - . - - - .“
§ H . . . N H . f . . s 2 i : . . N -
1 . 1 : ! i . [ { : N °
' woe . T -t . - - e = - 8 e eles omw — = = s - LIPS »rilllnx P IAI‘;AWI.‘. e .- s - - dupom . . - - o
w - . ‘ i H 4 + . . . . i . H . ) . .
' ' ) H i i ! 2 | : ! i i t ! ! N
po—— : : : . PN WD WPy Y SRS | . . : 1 [T, . s - et e e em e == R .
. t v ) ' i 2
T T T 7Y ST U I .
+ . + - 4 . s emce—a o uwnywn.r i i e e 2 Ty nllnll.lw.il!mlnl..iilu-xx e - DRV R - . . N
H S [ R T oL : i AR . .
' i R : i . . : - 1 3 { . i i i 1 . ! % -
" - + . -2 -3 : z < -3
H [ > 3 -
PR S .
_ § e & 5 § & § £ ¢ O} OF OE E VO N EEEE $ ¢ £ § 8 E-F B OE
H 3 e 1 A T e T LT L e e eitee b [ t S b Tome e [, U, N, S-S ol
, ' : - e : ! . : } _ ﬁ T - e
: : ; n ' ; 4... imieradury . 0 i 1 m.l N i b ” i i . H 2, = erresedeny
om ek [ TS UPU RIS SUSEp S - ; e e i a i i e e e e e
T T T AT A T
R Pt ] o 1 v d
e e e i 5 = meam e —— e - e a—m P,
P PR I T L O T T T T T s ] PPN IR 11 §e T

Fagare |-

B-19




TTTTTIIITT A TR T TR, T T R L, AT T T T > norai o B oy UGS S o TSl Attt Ta e b v

il aai i id Siad a

T8

S TR e

T % R RIRR
N e el
i
, dp
1 o Y
3 T
b I P A
3 . ;
9 1 g1
- !
4 ] Joo [ S O
f\
s
3
g" £ 1]
3 | w.w:.,.‘
§ T
. ;
3
.
g N deded
3
3
) . J
4 |
3
4
3
3

3 - .
3 A R . oa e, .
i % | [ 196 Beds Ying
3 !
L 1

d} Pulse No. 4, Nozzle Throat Insert

i . Philco-Ford Aetomittonic Division
. R 990 BX Test Sectiom

: . .

. . 2000 v ’ { . . )
r ' o L.y, leyesssevens Time . .
E . P B Bduenrds APB-RFL POM11-69-C-0039 )
4 ! T e Lo, L1 bastart Nemsle A .
3 ‘ . : i Test fate: My &, L1971

L 1 Cleestt Beafore Tost
1 ! o0 . i ' - b2 IIN Qn ote s . \ .
3 ' . P :
i . e . P fa. o . B . » . .
1 1 v s N
3 ' by
9 H 000 RN . - . . .
: o !
- . 42000 - e b - ) ; . .
3 R A
D s 1 ,

- L]
> il
b
r= . i “ . . . .
C -
¢ .
i ! ; 1
3 ’ &
1 w o y, . P
9 1 Llaad h P L1311

!
1 [ "
4
4 - . :
2 : o> ® ]
- -“ T - . .
;.
3 - e .
A \ \ .

o

4

L] v 4 )
ST SUURIT NI JRNVURE SOOUU SPUR RS S

e) Pules No. 1, Thermocoupled Plug at A/A? » 4.'”
Tiqure 8-3, (Continued)

TR




R A g

qYF

A f o

it f o Cacad vty 4

A

B Ca o

VI Y

M i) S O

"

T

TP

Y

lan

b

b atute versuws Time
Sdvards APB-RFL  FOLEL1-89-C00)Y
Reatast Nossle B9
Test Dete: Moy &, 1971
l‘ﬂ'll 'l'“‘_; Oyen Circuit Beforte Tt

Touperstuse - °P.

TR AT TR T TR T N S S i K SR RV T e 4T T T e R LR T AR R

PN Lcodlord Asomutronic Mvision
THO BX Teet Spctiom ‘

i
. . . . . .
N ! .
i
, i .

N .
B . . . . . .
' . [

1000 - PN PN
Py -
t 4 G’
+ 500 PR . e .
. |
i
- »00 . . '
PR . NP S, SR )
. P L A4 A S A e Rt ~ B
. « 08 oo, v s PRI N . . . { « '
. : . . . .- . . ) '
3 . L2 s - . . . o oy
) o , : .
i e + - . ‘
‘ ' ? s ' . t [ 10 " n k14 6 telse Tl
. . . B 4 )
U DA T R T S oo e " » “ N bl tiee
T L Tiee - Spcomds | .
SRUE SRS U U SR A b . P .
f) Pulse Xa. 2, Thermocoupled Plug at A/A® = 4,29
oy R R Tty T : N : crer T TTTTOTTTT U TRGHR TR RedR el E DR e s
- . I . ' . . T Tesd Suetim | . . N
P R T T . LS b e :
} i ' i
3 ! ' H \ ' . . . . ' f y }
N i N ' ' ! 1
. . ey =i s . . N R . . e e PN . e s e w z
. i g Somssgtere xartu Jine . . . [ s . . .
el . e amewt R-p-con . R
o T} et Neale K : i o 1
i L. Yeec gre: dey 4, 1901 ; R R i
F-o- 1 0 eoe  teee - - & S . - . [T TR O SN I 1 4
i ) E r« s Tpgap el Clrcutt Satore Tast : N \ ) , ' . {
L g s (:'.'4 B S R L AT . N T I A : - ':
H . 3 . . . . ¢ H : } !
[ L . R [ oo
FER RS R ! . ool
. : ) 1 i { . !
Lol saee R R
L
o 8000
“ . "
o e
]
..
- s 0.
£ .
t} e
3 . ;u“ .
Sty sl sy e Gy
.mlP"‘G"T h . . . . . v oe e . e e
(. B } oo . ’ . [ . . . . +
‘ . . 0 H . . .
Y ) . i . . . !
. . t . . '
H . 409 N . . . o . v .
. e . . . . . .

¢ 3
, e L S 1Y B 1 1) 10

T tulse ne, ), Therroceuptad Tiug at A/AS @ a.2)
Fryure Bes,  {(Contitueld

¢ 12 " » * = 5 Wise fiee
1Y [t [TH W W we WA el Tue
Taw « Sesands ' ‘ .
[N ' N ‘ -

E-21

Liat s Ppel T p. £ e 12 PO B B S AT A L A Al ) \‘..-‘,uﬂ




4 R - - - - T T T T T A R
1 IEKN T N VU T O RO NN AR M _ R
. —_ fird
( | : 1 : . Famaie 1 SRS
! £i MU RVE RO S MU DR N I R
R Fa i ! Lebe - . - s
: 23 DU I T AT G T R R . S A 1L A a
A : . a2 : : D D PO
s -0 P N A O O I . TR I o
. . . . m.- . . : i ! i e e amad
. 4
n $2+— + Pt - b e g Podoy b b ]
., . e Hi i B4 MO S PR
1 p o I n et et e IR AR ST SO BT R HENS R R RS O . . 0_
i I . Wf 4 3 d R S,
w mMm . 'W'nx!m. wll m}l.m.) e A I I T T “ S P ..
3% s - ® ! T SN DU NN WO SUG DRSS | D S ¥ R }
3 .}Moﬂ. g K ) - 1 : i - i 1 i
3 t ﬂ- M m . .u.n ! T DO N -3~ — U . - . PO [ -
3 ] R a2 - L e B et e
3  E = i i PN IS0 PO NN DU NG pI-A U [ IR P
P “_mw‘. H I ; il i A
3 dssi 3 T I N R A POFR N L OO HES DO G0 00 OO I
, Lo £5. 1 . i N LI D I L BED WL . PO S
L EEEF ® ! I M N N NS IO O8N N0 U AU | DU M P
s HE R - . Hll I [ [ S AN SR DO 1]
_ §i: 7 . - A A R PO ]
LER R .z - 0 I s A I O O P TR
4 . 3 =" | L JUNE QIR YN DU P O MU PR S N S N 5 N Ral
3 i [ B L DT R A N ) PR ~
H = . . - . . . - 7
¢ m . ”.1;4 INDNE N0 DU O O U OIS OCAN S B O i 3
_ ot : ¥ i : : ' i e 1
== L FRFANTN IR E 30 N DO DA I I I SN I [R S R a
: | i t 1 ' & : : t : qC i i ~H
N = - . H 1 o : 7 H &
m . ° - | H f 5 g VR - 3 U8 O L
3 == E i 1 1 i 2 t 1. g B ﬂvlw!ll =
< 4 1T [ (N N X -
. 3 g H
3 ¢ VS VR SUPUR N [ S N B | U 43 . ] [ - !
- A . 3 : N . : i - : : . ! ! P %
3 = < B LE K. . V N ' w T X - _ <
1 - 3 il i i 0 L A O S A § N
3 NN [N WEIN NN B : s
; _1| IV. “ H H .w. |m -} 4+ - ﬂ - . . - - - u . m
! o BN AL\ R RS SRS E L
b - v & H . i b H H
_ e+ 3 ™ 4& Mvvt M e Y 1 T H
: — - [ e el o - N1 -4 . »les
. ' . ! ; BT\ 1 i
{ = £ g i\ e B\ Ll da i R P-
b . i - 1 23T IR 1] 0 1Fe
: 5k | T I I VN DU B B A e L N D 0 A O
: . 32 L8 Lf . 8 N sl H
= ‘ Y M * g T H % i
w .m ‘“ xllA_lum. lm‘ 0N tm - .- RS -+ u. b s - t E m.h
3 ) & 1 ] T - . <2
” O 0 0% 208 N U N O PR NE O I IO R O e PR - SR B [N 3
{ m “M “ . _ : . gl ” Aum
u - T Ttk % 21482 - . 4
, IR Ly s 25 X8 R4 } §:3-8:§3:¢%-3-1 !
b - . s i " N < N
; T I 0 A 0 A N DO O R Aen R =T R I I B
‘ - A S n Ak R A R R S na s B
. [ T [ | H i . + H \
v BES .- N BN | FO P . . . L S e g - H
w . N _ H I : [ ! . L : : : : M i

e e

)

S LAY St e TR D 1% oty o N 9 Satie ot - oy * " .
Sl Ay st PARPAEN 4o e L e it > I Ll L
IR iy 3 B [RTO L s kARl bl A S g bt g e e s i




b ATNTRS (PR R ATNS

R T TS

Do

B adho}

AR Rk

= TAT R

oy e TR IRATT R

L

'
I
i
) .

1l
P
i

e

b
1

- X - i J . -
- N - P =
| m m
- - i 1]
S SENUUR: SPRSS. SR - g—m
v ' i i
Fﬂ. “ — 1 - n
Fr 1 Ml.!.ﬂ H H
m: B H V. w. 1
|4 H : 1 1 H : :
Z ey i i R ! . i
tBei Ty C i Ty ! i i
t N i
3. ; ! 1 il
__m. R s S D [}
A -1 : el
s R i ! il i
. 1 t . H 1 ! i H
e . i 1 i - L. - { ¥
g3 T i o i I i
5 I I Pt S o
i T et s S S e e
S SO ot MO UL . W HR
IR : L o
i m F i
B i
R i _
S SRS S S w
I T S Y .
' H ' i

H

-

Feat Dhter

=
derarmcaeis o e —anoe wasee bm e

i
P S
T
H
1

i
H
i
i

S

R e L

i
SRR —

PR R ¢

H

i

.i
g— i-..-..

2 e

i
5

et e o

|
ey (oot
[
1 1

'

!
RS
&

e
1

Ot

1

T
g namg me

..i.. JUSN SR S

“+ P e L

2300,

1608

1300

e

Terees i Lt £ L peproduced from
best available copy.

Tulse *ou 0,

b

PR T RS ARG

o

PP ST S AL Y

O s o g

PSRy

TPM100-Pord Avtemitionid Pvidien

00 Mt Pt Sect fow

amp e

b4
g
L
13 ¢
5
* 3.
o 42
TR
ey,
ERE
il
§Ji:
© g
i
d .
. o
: s

o4

Toloe Tie
W Sebl Tie

4 L3 17 " i Ed 0 7"
lol\ tho 1% 1 191 1 143 1)
Time + Secomte

i

L)

Thepmecnapdet Blag 00 AAS « 0,00

forntaeged

Paine W, 1,

Fij.an B-%




¥

P i i B e R g Syl MEE R i
T TNt T T T St S T B TR LTI T IR RE b2 ol i A £ ¥ ¥ Lai Tk T N g
R T L T D T R VTR v - T T TR, P IT rd 2

2
3 O et T i RA Gl
3 o datthit} leg gl N I KL A T S D M Hilt g Y un .
3 T T N L AR N IR M RN W dod b
3 S TR F O LE52 RAYD  R RR OO L
W 0 A N e i 8 O O N M i e I I
3 et L] | NG G A O L A I i G ]
3 14 1 i R WM M [ DR N RN I ]
3 s P FE O L 5 2 I K JAE EEN GLE N T il N
3 IO D A0 Y e S O 40 R O N T AR i L N
3 1 R A ) P I iR bt .:‘, Bt N B
b 4 T MR SRR T
¢.'ﬂ>'|' 10 A A - NN O O Y
?U‘LL.: B i i 1T IIRE :
] H T " T T
: T 1L \ R R o e b T b o fﬂ"
s - IR u!»-uﬂf*"' s L1 L4
Wk el i RN At i o . B
- 4 !) ‘l' T N - l' 5 :~. T Lt R g : S =]
3 & P
3 AR . 1. RNDE . ‘ 88 R T A B
e TP vl Lol 1. .
LAt L del 1L JREENEE a,
X TR L Wl D L1 T I ?
3 8 o TEE T n SER |
: [t % w8 S B ' . v i &
. T 1 5 . - T
1 AR E 11T
. i KR 1T
; s | R 4 B
3 " .
3 . T
A + +4
3 L Bt i
3
i (A, BN 3 H i .
; 18 T A

- 1) Pulee No. 4, Thermocoupled Plug &t A/A® = o
A Piguse B-3. (Concluded)

LT

LA

.

ke

o b

Cud

B-24




avacn o

Bl o)

SIS SIS N ROTEIETTETTT T r  R T ET R TY TTe = ; TR TSR

Coy L i r o e S e e

APPENDIX C
DESCRIPTION OF AEROTHERM COMPUTER PROGRAMS

The following sections summarize the capabilities of the Aerotherm
computer programs which were used in making the analytical predictions for
this contract.

c.1 THERMOCHEMICAL STATE CODE (ACE)

C.l.1 General Capabilities

The ACE program solves for the equilibrium or kinetically controlled
chemical composition for a variety of open or closed systems of arbitrary chem-
ical composition. The ACE program is an outgrowth of the chemistry suhbroutines
of the BLIMP program. The eguations which are solved, the solution procedure
which is utilized, and the program characteristics are described in Reference
C-1 and are summarized in References C-4 and C-1l.

The ACE program has the following major options:
A. Closed System Chemistry

e Evaluation of equilibrium (or kinetically controlled time dependent)
chemical state for assigned pressure, elemental composition of
up to three component mixtures, and either enthalpy, entropy,
or temperature. Provision is made for readily carrying out
isentropic expansion and compressions.,

e Solution of normal and oblique shock relations to provide the
state of the gases downstream of the shock and the isentropic
stagnation state.

B. Open System Chemistry

e Calculation of surface mass balances to determine a relationship
between normalized char recession rate, normalized pyrolysis gas
rate, surface temperature, and pressure while considering either
equilibrium between the char and gases adjacent to it or while
considering selected rate-controlled surface reactions,

All of these options are formulated for completecly general chemical
systems. Consideration of any molecular, atomic, icnic, or condensed specics
requires only the inclusion of the basic thermodynamic data appropriate for

s ]




that species. These data are obtained, for example, from the JANAF Thermochemical
Data Tables and include curve fit constants for entropy, specific heat, and heat
of formation.

All options generate a complete state of the system, including molecular
composition and thermodynamic and transport properties. The surface state op-
tion provides additional information as discussed below.

The surface state option of the ACE program contains a number of fea-
tures which make it very powerful in the analysis of ablation data and thus
enables the determination of the governing surface physicochemical phenomena.
In the first place, one does not have to choose a priori the surface species.
For example, in the case of the Apollo material, even if minor constituents
are neglected, the char surface could be Sioz*, C*, SiC*, Si* or Si3N4*.

The thermochemically controlling species will be discovered by ACE as part of
the solution process. Secondly, it is possible to isolate species or component
gas mixtures from the system or to consider rate-controlled surface reactions
or surface-catalyzed homogeneous reactions. Thirdly, each condensed species
can be assigned a fail temperature above which it cannot serve as the surface.
This latter capability can be used to represent mechanical removal of a species
or removal of a species above its melt temperature. A fourth major capability
of the ACE program is that it permits consideration of unequal diffusion coef-
ficients as well as unequal heat and mass-transfer coefficiente through an
application of the same approximation for binary diffusion coefficients utilized
in the BLIMP program. A principal limitation of the ACE program is that the
surface is considerad to be iomogeneous. To illustrate, the surface of the
Apollo material would be predicted to be one of the species listed above, but

not a mixture of two or more of these species.

The surface staic options of the ACE program pirovide a char recession
rate normalized by a mass-transfer coefficient, and other information needed
to perform an energy balance on the surface of a charring ablating material,
as a function of pyrolysis gas rate normalized by the same mass-transfer coef-
ficient, surface tenmperature, and pressure. It thus does not by itself con-
stitute an ablation prediction tool. In the first place, it is necessary to
specify the mass-transfer coefficient a.d this cannot be done precisely with-
out solving the boundary-layer equations. Secondly, the determination of
surface temperature reguires the solution of a surface energy balance. One
procedure which is used for ablation predictions is to generate surface state
solutions with th: ACE program in the form of punched card output. This is
then ueed us input to the CMA program (Option ' which performs the surface
encrgy halance; the operation of this coupled ablation prediction 1s discussed

in fection C.3.1.
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C.1l.2 Examples of ACE Program Use

The ACE program receives daily use at Aerotherm, particularly for ablation
computations. Almost all of the references to be cited during the discussions
of the ablation codes also contain descriptions of uses of ACE. References C-3,
c-4, C-6, C-8, ¢-9, C-10, C-11, C-12, and C-13-16 are of particular interest in
this regard. Reference C-17 describes a materials screening task carried out
entirely by ACE and covering a very wide range of materials and environments.

c.2 AEROTHERM REAL GAS ENERGY INTEGRAL BOUNDARY LAYER

(ARGEIBL) COMPUTER PROGRAM

The ARGEIBL program calculates bulk transfer parameters for non-ablating
laminar and/or turbulent boundary layers for axisymmetric or flat plate geomet-
ries using an energy integral method. The essence of this method is the
assumption that the flat plate relationship between the local boundary layex
energy thickness, g, and the Stanton number, CH' is valid also for flows with
a streamwise pressure gradient. This assumption permits solut’on of the
pressure gradient boundary layer energy integral equation for @, and then
erployed again, permits calculation of the pressure gradient Stanton number, CH'
from g. Appendix A of Ref. C-2 describes the theoretical background of
ARGEIBL in some detail.

The ARGEIBL program can treat any real gas chemical system, provides for
transition from laminar to turbulent flow, and permits axial variations in wall
temperature and free stream properties. The thermodynamic and transport properties
required for input to the program are generally obtained using the ACE program
and the axial pressure gradient from a flow field analysis. Other required
inputs inciude (1) boundary layer edge thermodynamic state over the surface,
and (2) geometrical specification of the vehicle or body shape.

Output from the code includes boundary layer heat-transfer coefficient,
and boundary layer thickness parameters (displacement and mcmentum) as a
function of body location. The heat transfer coefficient distribution is a
required input parameter to the heat conduction codes discussed subsequently.
Boundary layer displacement thickness enables evaluation, in an iterative manner,
of boundary layer edge entropy by considering the shock angle through which the
"edge gas” has passed.

Reference C~J has some descriptions of typical uses of the ARGEIBL
code in ablation predictions.

—

Txperience with this technique at Aerotherm has shown near absolute convergence
with only 1 iteration, i.e., a first guess and 1 more solution.
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C.3 CHARRING MATERIAL ABLATION (CMA) PROGRAM

C.3.1 General Capabilities and Solution Procedure

Y G T T Ve,

The CMA program is a coded procedure for calculating the in-depth
thermal response of a charring, ablating material. The basic physics
included correspond to simple charring of the form

Ry st

plastic + char + gas

according to a three component Arrhenius rate law where

WO

3 p = Tlp, + pg) + (1-T) pg {c-1)
i and

] p.-p wi

3 LI} R i | exp(~E_ /RT) (C-2)
i 38 iYo. 1 o P a.

; 1 Q. 1

3 \ y 1

Usually components A and B represent constituents of the resin ovr plastic

binder and I is the volume fraction of resir in the composite material, while
component C represents a more refractory reinforcement. The program is often
used for graphite and other non-charring materials; for such problems the de-

composition reactions (C-2) are simply by-passed and the material treated as a
single component (I' = 0).

T T T R T

The program is an implicit, finite-difference computational procedure
for computing the one-dimensional transient transport of thermal energy in a
three-dimensional isotropic material which can ablate from a front surface and
which can decompose in depth. Decomposition (pyrolysis) reactions are based
on a three-component model. The program permits up to eight different backup
materials of arbitrary thickness. The back wall of the composite material
may transfer energy by convection and radiation.

s s U L

The ablating surface boundary condition may take one of three forms:

OPTION 1 - Filik coecfficient model convection-radiation heating
with coupled mass transfer, including the effects of
unequal heat and mass transfer coefficients (non-unity
Lewis Number) and unequai mass diffusion coefficients.
Surface thermochemistry computations need not presume
chemical equilibrium at the surface, as described in
detail in Section C.1l.1.




OPTION 2 - Specified surface temperature and surface recession rate.

OPTION 3 - Specified radiation view factor and iacident radiation
flux, as a function of time, for a gstationary surface.

codiviagatis

Any combination of the first three options may be used for a single
3 computation. Option 3 is appropriate to cooldown after termination of con-
3 vective heat input and is often useful in conjunction with Options 1 and 2.

; The program permits the specification of a number of geometries, in-
3 cluding plane, cylindrical or annular, and spherical. 1In the most general
case, area may vary arbitrarilv with depth.

The rear surface of the last node may be specified as insulated, or
; may experience convective and radiative heat transfer to a "reservoir" at a

specified reservoir temperature if a rear surface convective coefficient and
3 an emissivity are input.

Material properties such as thermal conductivity, specific heat, and
emisgivity are input as functions of temperature for virgin plastic and char.
For partially decompcsed material, the program performs an appropriate averag-
3 ing on density to determine effective material properties.

The basic solution procedure is by a finite difference approach. For
each time step, the decomposition relations are solved and then the in-depth
energy fluxes constructed in general terms. These are then harmonized with a
surface energy balarce ( if a surface energy balance option is being used) and
the in-depth temperatures determined. New material property values are set up
3 and the solution is ready for the next time increment.

TR

The CMA program outputs instantaieous mass ablation rates and blowing
parameters for char and pyrolysis gas, total integrated mass ablation of char
and pyrolysis ris, total recession and recession rates of surface, of the char
line, and of the pyrolysis line. It also outputs the surface energy flux terms,
namely, the energy convected in, energy radiated in, energy reradiated out,
chemical generation, and conduction away (qcond)' Further, it describes how
the input energy of 9cond is "accommodated” or "partitioned" in the solid mat-
erial. Part of the energy is consumed in decomposing the plastic, part is
consumed in sensible enthalpy changes of the solid, and part is "picked up"
by the pyrolysis gases as they pass through the char. Thermocouple and iso-

; therm output can also be called for.
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C.3.2 Some Surface Energy Balance Details

C.3.2.1 General Remarks

3 The most powerful and unusual feature of the CMA program is its general
coupling to a thermochemical erosion energy balance at the ‘exposed, heated
surface. This coupling involves two aspects: the surface energy balance
formulation itself, described in this section, and the chemical state pro-ram
used to provide input information for the energy balance process, described in
Section C.1.

Gt el

C.3.2.1.1 Surface Energy Balance Procedure

1l

In calculations under Option 1, the in-depth solution is coupled to a
general film-coefficient boundary condition.

b e TP e

The foliowing sketch shows the various energy fluxes of interest
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Since the surface control volume is attached to the receding surface, there is
an apparent flow of char material into the control volume and an associated

energy flux ﬁchc. In the case of a charring material, the pyrolysis gas flow
1 into the controi volume from below bringing an energy flux m_h_. There is a

G €1 Dl U

3 diffusional energy flux in from the boundary layer; this is Sdenoted d3iff"
There is a convective energy flux away from the gsurface in the gross motion due
to mass injection: (DV)whw' An additional important gross motion energy flux
is denoted E:ﬁr*hg in the sketch; this term represents energy carried away in
the removal, thrcugh mechanical action, of condensed phase materials.

Other terms in the eneryy balance are the obvious radiation terms and conduction
into the material.

In the course of the transient in-depth solution, which essentially
E provides the 9eond’ it is necessary to evaluate all of the other surface
eaergy balance flux terms. This in turn naturally requires scme sort of

surface thermochemical state sclution. For this purpose it has proved ex-
pedient to prepare in advance, using suitable ablation thermochemistry
codes, (such as the one described in Section C.l) a series of tables whicth

L et ciat )
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include all the surface mass transfer and chemical relatiors. The in-depth
solution may then be coupled to the surface events through the surface energy
balance. For example, when chemical equilibrium is achieved at the ablating
surface, the develcpment presented in Reference C-4 describes the means for
obtaining the thermodynamic state of the gas at the ablating surface in terms
of the pressure, and char and pyrolysis off-gas rates. In eguation form,

Thermodynamic state = f(Bé,Bé,P) (C-3)
where
B! = S—GQE- {normalized pyrolysis off-gas rate)
: eeM
r;‘c
Bé = 5U.C {normalized char recession rate)
e’ e M
P = boundary layer edge pressure

The thermodynamic state includes definition of surface temperature and gas
molecular composition. This, in turn, enables evaluation of the various quan-
tities aprearing in the boundary layer driving potential for heat and mass trans-
fer (Reference C-4). Tables representing solutions to the functional relation-
ship represented by Equation (A-3) are generated for a complete map covering

the range of Bé, Bé, and P, of interest. These tables are generated by the ACE
chemical state program described in Section C.1l.

As an example of this procedure, suppose a table is prepared which, for
a parametric array of dimensionless char erosion rates (Bé), dimensionless pyrol-
ysis off-~gas rates (Bé), anua pressure, presents the relevant ablating surface
temperature and requisite boundary layer composition and enthalpy quantities.
During each time step in the course of the in-depth solution the program gener-
ates a pyrolysis gas rate B' and computes the rate at which energy is conducted
into the material from the surface. With Bé and the pressure known, the input
parametric tables then serve to define that Bé which yields temperature and en-
thalpy quantities which provide a balanced, harmonized set of energy fluxes at
the surface.

It is worth noting that the coupling between one in~depth solution
(performed by the CMA program) and the surface thermochemistry solution
(performed by the ACE program) yiclds a very general and powerful ablation
thermochemical data to be extended to many geometries and flow fields at

Cc-7




no additional cost, since the surface thermochemical solution gquantities are
normalized on the transfer coefficient., Secondly and more importantly, the

ACE program is general enough in its thermochemical solution procedures to
handle any combination of environment and ablator. Thus, the CMA plus ACE
scheme can treat complex chemical systems as easily (from our standpoint) as
-the simple carbon-air system. 1In practice, these prcgrams have been used with
great success as heatshield and rocket nozzle design and analysis tools for a
wide variety of materials (including graphite, carbon phenolic, graphite phen-
olic, silica phenolic, tungsten, tantalum, ice, and teflon) exposed to varied
environments (including aluminized solid propellants; beryllium and solid
propellants; liquid propellants such as HZ-OZ,N204-N2H4/UDMH, OFZ'BZHG' and
flox-methane; various hybrid propellants; as well as air and numerous simple
test gases such as Ar, He and N2. Furthermore, ACE will automatically discover
the chemical nature of the exposed surface ( it may be a non-obvious species
containing elements from the environment as well as trom the ablating material),
and can account for any number of kinetically controlled heterogeneous reactions.
These two features are very important ones for graphite ablation analysis.
Graphites are sometimes "loaded" with "additives" to form erosion resistant
coatings on the heated surface (as described, for example, in Reference A-5).
ACE will predict the existence of these coatings and the resultant changes in
erosion resistance. Kinetic control is occasionally of interest for graphite
also. ACE will also include thc effects of unequal mass diffusion coefficients
for the various boundary layer species.

ACE can alun automatically include simple melting of surface spacies,
de.tecting surface species and allowing them to run off at their melting points,
accounting for the energy events correctly in the process (Zmrzhz in the sketch
preceding). Thus one form cf thermomechanical ablation (that occurring
as a total loss of strrngth at a given temperature for a given species) is
automatically accounted for in CMA through the ACE solution. Other forms of
mechanical removal can be directly accounted for in CMA. This task is particu-
larly simple for a non-charring material such as graphite since the mechanical
failure rate does not in fact change the surface energy balance:; the failing
mass rate both enters and leaves the surface energy balance control volume at
the same temperature. Thus the thermochemical corrosion rate can be determined
in the usual manner and the surface temperature calculated in the process.
Following this, the thermomechanical erosion rate can be determined using what-
ever procedure seers best (such as with empirical correlations) and the total
recession rate determined as the sum of thermocherical and thermomechanical
events.
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€.3.3 Uses of the CMA Program

The CMA program has received extensive use in the Option 2 (assigned
surface temperature and recession rate) mode to match in-depth thermocouple
data and, in doing so, to discover in-depth properties such as thermal conduc-
tivity. References C-6 and C-7 provide examples of such use. The CMA program
has also been very extensively used in its Option 1 mode as an ablation pre-
dictor; References C-3, C-6, C-8, C-9, C-10 provide a few descriptions of the
many uses of the program.

c.4 THE AXI-SYMMETRIX TRANSIENT HEATING AND MATERIAL ABLATION
ABLATION PROGRAM (ASTHMA)

Cc.4.1 1Introduction

For strongly two dimensional ablation problems such as nose tips and
certain rocket nozzles, 1-D calculations of the kind performed by the CMA pro-
gram described above must be supplemented by two space dimension ablation calcu-
lations. The ASTHMA program is a suitable 2-D code for this purpose. It
accounts only for non-charring materials such as graphite; otherwise it is as
genera: in all respects as the CMA program described above. In particular, the
~ode has the same very general thermochemical erosion boundary condition with
appropriately general space dependent input of transfer coefficient, pressure,
and boundary layer edge or recovery enthalpy so that 2-D thermochemical erosion
may be realistically predicted. The following sections describe the ASTHMA code.

¢.4.2 General Capabilities

The ASTHMA program computes the transient temperature response within a
two-dimensional axisymmetric non-charring material. It accounts for two-dimen-
sional surface recession, and allows for anisotropic in~depth thermal conduction.
Input consists of geometry specification (in terms of finite difference grid),
material properties tables, and heated surface boundary condition information
as a function of time and surface location. The ASTHMA program has the same
three boundary condition options as the CMA code described above:

OPTION 1 - Film coefficient model convection-radiation heating with
coupled mass transfer, including the effects of unequal heat
and mass transfer coefficients (non-unity Lewis number) and
unequal mass diffusion coefficients. Surface thermochemistry
computations need not presume chemical equilibrium at the
surface.

OPTION 2 ~ Specified surface temperature and surface recession rate,

et gl e 2o L2 e
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OPTION 3 -~ Specified radiation view factor and incident radiation flux,
as functions of time, for a stationary surface.

Any combination of the first three options may be used during the problem history
of any surface point.

Program output includes the history of the in-depth temperature field,
the history of the surface point locations (recession and shape history) and
surface temperatures, and the history of the local surface energy and mass

fluxes.

c.4.3 The Surface Energy Balance

As in the case of the CMA program, the most powerful and unusual feature
of ASTHMA is its general coupling to a thermochemical erosion energy balance
at the heated surface. This energy balance is essentially the same as used in
the CMA code; it is described in detail in Sections C.3.2 above. Here it will
sufficient toemphasize that:

PR KL 3 LR i £ LU N i A S D06 AR S RS R

1. This procedure will treat any material exposed to any environment.

2, It accounts for unequal diffusion coefficients, non-unity Lewis
number, departures from chemical equilibrium, and mechanical ablation.

4 3. The procedure will discover any chemical surface coatings naturally
formed; this is important, for example, for loaded graphites.

E 4. Boundary condition input (recovery enthalpy, transfer coefficient,

pressure, and radiation flux) may be made a function of surface
location,

C.4.4 Uses of the ASTHMA Code

The ASTHMA code is described in References C-13 and C-14, where graphite
rocket nozzle throat insert ablation studies are briefly described. Reference
C~-15 gives more detail on these studies. Reference C-~16 describes numerous
applications of ASTHMA to graphite nosetip ablation predictions.

Cc-10




SRS R Stk LS

REFERENCES

c-1 Kendall, R. M.: A General Approach to the Thermochemical Solution of
Mixed Equilbrium-Nonequilibrium, Homogeneous or Heterogeneous Systems.
Aerotherm Corporation Report No. 66-7, Part V, March 14, 1967 (also
NASA CR 1064).

c-2 McCuen, P. A., Schaefer, J. W., Lundberg, R. E., and Kendall, R. M.:
A Study of Solid-Propellant Rocket Motor Exposed Materials Behavior.
Vidya Division, Itek Corporaticn, Palo Alto, California, AFRPL-65-33
(AD 462 331), February 26, 1965,

c~ ial
ain
C~u NCUMQLL p e £lep NLMUGL, e ey Al DAl lAtlLL, De e H UL L.Luuulpullent

Boundary Layer Chemically Coupled to an Ablating Surface. AIAA Journal,
Vol. 5, No. 6, June 1967, pp. 1063-1071,

c-5 Buckley, J. D.: Static, Subsonic, and Supersonic Ozidation of JT
Graphite Composites. NASA TN D-4231, October 1967

C-6 Rindal, R. A., Clark, K, J., Moyer, C. B., and Flood, D. T.: Exper-
imental Analysis of Ablative Material Response in Liquid Propellant
Rocket Engine, Aerotherm Corporation, Palo Alto, California, NASA
CR~72301, September 1, 1967.

c-7 Baker, D. L., Wool, M, R., and Schaefer, J. W.: A Dynamic Technique for
Determining the Thermal Conductivity of Charring Materials, Eighth Confer-
ence on Thermal Conductivity, October 7-11, 1968, Thermophysical Proper-
ties Research Center, West Lafayette, Indiana.

c-8 Spiegel, J. M., Wolf, F., and Zeh, D. W.: Simulation of Venus Atmos-
pheric Entry by Earth Reentry, AIAA Paper No. 68-1148 (AIAA Entry
Vehicle Systems and Technology Meeting, Williamsburg, Virginia, De
December 3-5, 1968).

c-9 Bartlett, E. P., Anderson, L. W., and Curry, D. M,: An Evaluation of
Ablation Mechanisms for the Apollo Heat Shield Material, Paper 69-98,
AIAA Seventh Aerospace Sciences Meeting, New York, January 20-22, 1969.

c-10 Moyer, C. B. and Rindal, R. A.: Finite Difference Sclution for the In-
Depth Response of CHarring Materials Considering Surface Chemical and
Enexgy Balances. Aerotherm Corporation Final Report 66-7, Part II,
March 14, 1967 (also NASA CR-1061, June 1968).

c-11 Kendall, R. M., et. al.: An Analysis of the Coupled Chemically
Reacting Boundary Layer and Charring Ablator. Aerotherm Corporation
Final Report No. 66-7, Part I, March 14, 1967 (also NASA CR 1060).

c-12 Bartlett, E. P. and Anderson, L. W.: An Evaluation of Ablation

Mechanisms for the Apolio Heat Shield Material. Aerotherm Corporation
Final Report No., 68-38, Part 1I, October 15, 1968,

C~-11




AAEZ TR TR s T L A AN £ el

TRSRHT S sty AR I RSTAR RN LTI E R OR Y

A P A T A TR ek e BRI AT

REFERENCES (Concluded)

Moyer, C. B.: Axi-Symmetric Transicnt Heating and Material Ablative
Program (ASTHMA), Descripticn and User's Manual, Aerotherm Corporation,
Mountain View, California, Report No. 68-27, January 15, 1968,

Moyer, C. B.: Two Dimensional Transient leating and Surface Thermo-
chemistry Computer Programs, Atlantic Research Corporation, Alexan-
dria, Virginia, AFRPL-TR-68-116, Vol. I, July 5, 1968.

"owars, C. A., Rindal, R. A., and Rodrigquez, D. A.: A Detailed
‘Thermal and Structural Analysis of Graphite Models Tested in Arc
Heated Air. Aerothe  Corporation Final Report. Sandia Laboratories
Contractor Report (to be published).

Clark, K. J., Rindal, R. A., Inouye, L.M., and Kendall, R. M.,
Thermochemical Ablation of Rocket Nozzle Insert Materials, Aerotherm
Corporation, Mountain View, California, NASA CR-66632, February 15, 1968,




B O W N AN T S i S b b S T o r iy A S TR i LR U S L MR R A i R A D L R S

UNCLASSIFIED
‘ Securi!x Clnumcnh}

DOCUMENT CONTROL DATA - R & D 1
(Security clasailication of title, body of abatract and indexing annotation must be entered when the overall report ie classitied)
1. ORIGINATING AC TiVITY (Corporate wlho') 20. REPORT SECURITY CLASSIFICATION
Aerctherm Division of Acurex Corporation UNCLASSIFIED
485 Clyde Avenue 76, GROUP
Mountain View, California N/A
3. REPORY TITLE

Material Performance of Carbon Phenolic Ablators and Pyrolytic

Graphite Coatings in Nozzles Subjected to Multiple Pulse Duty
Cycles

4. OLSCRIPTIVE NOTES (Type of report and Inclusive dates)
Final Report

$. AUTHOR(S) (First name, middie Initial, last name)
Mitchell R. Wool

Duane L. Baker

Andrew J. Murphy

o v—
¢. REPORY DATE

October 1971
8a. CONTRACT OR GRANT NO. —

98, ORNIGINATOR'S REPORT NUMBER(S)
F04611-70-C-0019

& PROJEC T NO.

78. YOTAL NO OF PAGES 7b. NO. OF REFS

r Aerotherm Report No. 71-43
i THIS DOCUM: T AFPROVED
] -

€. i 90, QTHEK REPORT NOI(S) (Any other numbers thel may be sesigned
| Feiniggp | femen o

4 & UNLires CISTRIBUTION

10. OISTRIBUTION STATEMENT,, ————d

T

1. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

ir Force Rocket Propulsion Laboratory
dwards Air Force Base, California

B ORISR oy i

13. APSTRACY

Measurements and analysis of the thermal and ablative response of five
multiple pulse duty cycle rocket nozzles were performed. Nozzles were
fired on a solid propellant simulator with a test stream composition,
designated ANB-3066, which contained 16 percent aluminum. Nominal cham-
ber pressure for each of the various firing pulses was 750 psia. Materigl
temperature histories were recorded at several locations in each nozzle.
Post-test measurements of surface recession, char penetration, and den-
sity versus depth, as well as thermocouple data are used for comparisor
with one and two-dimensional heat conduction and material ablation calcu-
lations. Agreement between prediction and data is favorable, although
the analyses showed that two~dimensional heat conduction effects need be
accounted for to obtain an accurate evaluation of the thermal response
of multiple pulse duty cycle rocket nozzles. It is concluded that mate-
rial decomposition and ablation phenomena are not strongly dependent on
the type of duty cycle.

¢t b N SRR

UNCLASSIFIED
“Becurity Clessification

PORM REPLACES DO FORM 1873, 1 JAN 4, WHICH 18
1 moVv 68 OBOLETE POR ARMY USK.




QAR SN W VR RS LA R L S RS, |
o

G el e Lo S O e e L e G S M TCESIE S R S XL G o
UNCLASSIFIED
Tecurity Classification
"
LINK A LINK ® LINK €
KEY WORDS

ROLE LAS

nRoLE LAJ

RoLE wY

Ablation Computer Codes
Ablative Materizl

Carbon Phenolic

Heat Conduction Analyses
Hetercgeneous Chemical Kinetics
In-depth Phenolic Depolymerization

Pyrolytic Graphite
Rocket Nozzle Thermal Response

Solid Propellant
Surface Thermochemistry
Thermal Analysis
Thermal Properties
Thermocouple Data

Mﬂ

UNCLASSIFIED

Security Classification




